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Direct Synthesis of Layered Intercalation Compounds and Single Layer 
Nanosheets and Their Applications 
Jingfang Yu, Ph.D. 
University of Connecticut, 2015 
 
Layered materials have been extensively studied and have found a wide range of 
applications predominately in the form of intercalated layered hybrids, or as exfoliated single 
layer nanosheets. Previous investigations in layered materials mainly focused on the preparation 
of layered intercalation compounds and obtaining single layer nanosheets. The preparation of 
layered intercalation compounds and exfoliation to obtain single layer nanosheets typically 
consists of two steps, where a layered material is first synthesized and subsequently 
intercalated/exfoliated through different approaches. However, the two step process is time 
consuming and inefficient. Moreover, the desired intercalation and exfoliation may not proceed 
as planned. Thus, it is highly desirable to explore new methodologies for facile synthesis of 
layered intercalation compounds and single layer nanosheets.  
This dissertation reports a novel approach to directly synthesize layered intercalation 
compounds and single layer nanosheets via a one-step process. Two model layered compounds: 
α-zirconium phosphate (α-ZrP) with negative layer charge and layered double hydroxide (LDH) 
with positive layer charge were selected for the one-step direct synthesis of layered intercalation 
compounds and single layer nanosheets, respectively. The introduction of a layer growth 
coordinator and inhibitor was proposed to guide or inhibit the growth of layered materials in the 
third dimension for the formation of layered intercalation compounds and single layer 
 
 
nanosheets, respectively. Our results have proved that the proposed one-step direct synthesis 
process to obtain layered intercalation compounds and single layer nanosheets is feasible. 
Detailed reaction mechanisms and the factors that influence the direct synthesis of layered 
intercalation compounds and single layer nanosheets were studied in detail.  
Based on the aforementioned fundamental investigation, another strategy involving both 
a complexing agent and a layer growth coordinator was further designed to promote the growth 
of layered compounds in the Z direction to form hexagonal prisms.   
Applications of the α-ZrP based intercalation compounds and LDH single layer 
nanosheets prepared through the developed methods were also studied. The Biginelli reactions 
catalyzed by the heterogeneous α-ZrP/BMIMCl intercalation compound were explored where the 
yield was maintained at 93% even after 4 times of recycle. A dip coating method was adopted to 
align LDH single layer nanosheets on polymer film substrates to enhance their barrier properties, 
where both the oxygen and water vapor barrier properties were significantly improved.   
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CHAPTER 1  
INTRODUCTION 
 
Layered materials, ranging from clays, silicates, metal oxides to graphite, are abundant in 
nature. Applicability of layered materials has been extended to many aspects of human activities 
because of their unique chemical and physical properties. Among all of the structure 
modifications of layered materials, intercalation and exfoliation are the two most extensively 
studied areas. Intercalation to obtain sandwiched compounds to fulfill aimed applications, such 
as heavy metal absorption,
1
 and battery,
2
 has been achieved. Exfoliation to maximize the utility 
of individual layers as well as study the emerging superb properties (e.g., the superior 
mechanical, thermal, and electrical properties of graphene) has become a hot scientific topic.
3-5
 
 
1.1 Intercalation  
Intercalation chemistry has been advanced through many years of development since 
intercalation compounds were first identified at ca. 600-700 A.D. in China.
6
 Intercalation 
compounds exhibit a combined property of solid host matrix and intercalated guests. For decades, 
interests to study intercalation compounds lie in the following aspects: (i) develop a preparation 
method for new hybrid materials not accessible through conventional synthetic methods; (ii) gain 
a deep understanding of intercalation mechanisms; (iii) develop applications in a wide range of 
fields including battery electrodes,
7
 catalysis,
8-9
 sensors
10
 and fuel cells.
11-12
  
2 
 
1.1.1 Review of existing intercalation methods 
Intercalation of layered materials has been well investigated for over a century.
13
 Current 
intercalation methods are limited to direct intercalation,
14
 multi-step intercalation,
15-16
 and 
exfoliation-reassembly process,
17
 which require multiple processes and sometimes tedious  
repetitions to achieve intercalation. The existing direct intercalation methods are achieved 
through ion-exchange, acid-base reaction, hydrogen bonding, redox reaction, and 
electrochemical reaction.
9, 18
 Mechanical intercalation through solid-solid
19
 and solid-liquid
20
 
interface by grinding the reaction mixture using a mortar and pestle has been reported. Such a 
mechanochemical process is very effective, possibly owing to the strong mechanical force 
directly applied to the samples, which drives the reaction. 
In general, it is preferred to directly intercalate guest species into layered compounds. 
However, when the guest species are much larger than the interlayer distance, it is very hard to 
achieve direct intercalation. In such cases, the typical strategy is to pre-intercalate layered 
compounds with a relatively small guest species to increase the interlayer distance to certain 
level, then intercalate the target molecules/ions into the pre-intercalated layered compounds.
9, 21
 
Exfoliation and reassembly
22-24
 method where the layered material was first exfoliated into single 
layer nanosheets and then the exfoliated nanosheets were reassembled with guest species to form 
an intercalation structure has also been explored.  
All of the above methods are based on the pre-synthesis of layered compounds followed 
by the intercalation step. Herein, we aim to achieve a one-step growth of layered intercalation 
compounds without the need of the pre-formation of layered compounds.  
3 
 
1.1.2 Review of the existing methods to prepare α-Zirconium phosphate intercalation 
compounds 
α-Zirconium phosphate (α-ZrP) was an amorphous gel obtained by mixing excessive 
phosphoric acid with a soluble zirconium salt. First crystalline α-ZrP was prepared by Clearfield 
et al.
25
 in 1964 by refluxing the gel in phosphoric acid. Owning to the exchangeable acidic 
protons on layer surface, α-ZrP can be readily intercalated by a wide variety of guests such as 
amines and quaternary ammonium ions. Accommodating guest species into the interlayer space 
of layered materials involves electrostatic interaction, hydrogen bonding, and/or other 
interactions with the matrix. Small molecules and ions can be directly intercalated into α-ZrP 
through direct intercalation or ion exchange method. When the binding energy of the guest 
species is greater than the interlayer interaction energy, intercalation phenomenon is 
spontaneously initiated.
26
 However, the narrow interlayer distance of α-ZrP exerts a kinetic 
barrier for the intercalation. For large guest species, direct intercalation is usually not possible. 
The layered α-ZrP usually has to be pre-intercalated to increase the interlayer distance to 
accommodate such large guest species. However, the multi-step intercalation method is time 
consuming, and hard to be achieved. Moreover, the pre-intercalants may be an issue for future 
applications.   
Other methods such as exfoliation and reassembly can also accommodate large molecules 
such as proteins within layers.
27
 In this method, α-ZrP was first exfoliated into single layer 
nanosheets. The re-assembly of the exfoliated α-ZrP nanosheets with protein molecules was 
achieved when mixing the protein solution and α-ZrP nanosheets dispersion at a volume ratio of 
3:1.
28
 The expanded interlayer spacing of the obtained α-ZrP/protein hybrids up to 66 Å as 
shown in Figure 1 suggests the successful intercalation of the proteins in the galleries.  
4 
 
 
Figure 1. Powder X-ray diffraction patterns of α-ZrP/protein intercalation compounds (Mb: 
Myoglobin, Lys: lysozyme, Hb: hemoglobin, and CT: chymotrypsin).
27
 
 
1.1.3 Problems and future objectives  
5 
 
Although several methods have been developed to intercalate large molecules, 
complicated procedures and long reaction time severely lowers the efficiency, and the resulting 
intercalation compounds may need post-treatment to exclude the pre-intercalated small 
molecules or exfoliation agents for further applications. Thus, new methods to prepared layered 
intercalation compounds, especially for handling large guest species, are highly desirable. In this 
dissertation, Chapter 2 reports a new method to directly prepare intercalation compounds through 
a one-step reaction.  
 
1.2 Exfoliation  
Exfoliation of layered materials into single layer nanosheets has been a research focus for 
the past two decades. Two dimensional (2D) graphene and graphene analogous materials such as 
transition metal dichalcogenides with a tunable band gap have received high research attention 
because they exhibit superior properties to their bulky counterparts. Applications of such 2D 
nanosheets have been well developed in sensors,
29-30
 microelectronics,
31-32
 thin films,
33-35
 and 
energy storage devices.
36-39
 Bulky molecules are usually used to first intercalate into a layered 
compound, which helps to expand the interlayer distance, facilitating the second step of sheet 
delamination.  
1.2.1 Review of existing exfoliation methods 
A wide variety of methods have been developed to exfoliate layered materials into single 
layer nanosheets. The most well-known one is the exfoliation of graphite developed by Geim and 
Novolosov, which was achieved essentially by mechanical tearing graphite apart with Scotch
®
 
tape.
40
 Sonication of layered materials in surfactant, exfoliation solvents, as well as in polymers 
6 
 
is the most general method to prepare exfoliated single layer nanosheets in most layered 
materials including graphite,
41-46
 boron nitride,
47-50
 transition metal dichalcogenides,
3-4, 47, 51-52
 
metal oxides,
53-54
 III-VI layered semiconductor,
55
 layered double hydroxide (LDH),
5
 α and γ 
ZrP,
56-57
 and clays.
58
 Other methods including pre-modifications, such as ion exchange, to first 
enlarge the interlayer distance and weaken the interlayer interactions and then exfoliation in 
different medias are also developed.
5, 40
   
1.2.2 Review of the existing methods to exfoliate LDH 
LDH are cationic layered materials with positively charged layers. In this entire 
dissertation, LDH are abbreviated in the forms of M(II)M(III)-LDH (M(II) denotes divalent 
cations, M(III) denotes trivalent cations), such as MgAl-LDH. Due to their high charge density, 
LDH were once considered non-exfoliatable until in 1999, Adachi-Pagano et al.
59
 discovered that 
Zn/Al-LDH pre-intercalated with dodecyl sulfate (DS, C12H25SO4) can be exfoliated in butanol. 
Delamination of LDH has since been rapidly expanded. Exfoliation driven by strong hydrogen 
bonding between interlayer moleucues and dispersant such as formamide,
60-64
 and driven by 
mechanical forces including mechanical shaking,
65-67
 stirring,
68
 and ultrasonicaiton
69
 has been 
developed. The prevalent exfoliation process
13
 is schematically shown in Figure 2. The pristine 
LDH is swelled in a dispersant to lower interlayer interaction initiated by the interactions 
between the intercalated/ion exchanged molecules with formamide, and then is exfoliated by 
mechanical force. The discovery of LDH exfoliaiton is profound and has trigered wide 
applications, including layer by layer assembly of polymer/LDH films,
66, 70
 flame retardant 
coatings,
71-73
 supercapacitors,
74-77
 catalysts,
78-81
 and light emitting materials.
82-84
 However, the 
exfoliation process is time consuming and evolves high temperature treatments. More 
7 
 
importantly, the productivity is low. Thus, developing bottom up methods to prepare LDH 
nanosheets in a one step process is now a new trend. 
 
Figure 2. Typical steps to exfoliate LDH. 
 
1.2.3 Review of the existing bottom up methods to prepare LDH nanosheets  
In 2005, Hu et al.
85
 reported a facile one step method to synthesize LDH monolayers in a 
reverse micro-emulsion. The traditional method of titrating Mg(NO3)2 and Al(NO3)3 solution at a 
pH ≥ 10 was introduced into an oil phase of isooctane with sodium dodecyl sulfate (SDS) as 
surfactant and 1-butanol as co-surfactant to prepare LDH monolayers.  As shown in Figure 3, the 
aqueous droplets that contained basic components to grow LDH formed in the oil phase were 
surrounded by SDS. These droplets limited the space and nutrients for the growth of LDH 
platelets, thus providing a method to control the size of LDH nanosheets both in diameter and 
thickness. The resulting LDH nanosheets were of ca. 40 nm in diameter and ca. 1.5 nm in 
thickness, corresponding to single layer nanosheets with the adsorbed dodecyl sulfate ions on 
their surface. Later, in order to exclude the complex purification process to remove anionic 
surfactants which usually adsorbed on the surface of LDH nanosheets as counter anions, 
8 
 
Bellezza et al.
86
 used cationic surfactants based reverse micro-emulsion to prepare LDH 
nanosheets without surfactants attached on the surface. 
 
Figure 3. Schematic of the nucleation and growth of LDH nanosheets in isooctane.
85
 
 
Other attempts using mechanical force to prepare LDH nanosheets such as laser ablation 
method
87
 were also reported. The authors claimed that Zn/Al-, Co/Fe-, Co/Al- and Mg/Fe-LDH 
colloidal solutions containing ultrathin nanosheets can be obtained by directly shining laser beam 
on the corresponding M
2+
 and M
3+ 
metal targets.  
1.2.3 Problems and future objectives 
9 
 
Although the existing methods remain as the main source of obtaining single layer 
nanosheets and have made progress, they suffer from low yield and time consuming process 
which are difficult to scale up for commercial production. Thus, the development of a facile, 
efficient and less time demanding method is in urgent need. In this dissertation, Chapter 2 reports 
a new method to directly grow LDH single layer nanosheets through a chemical bottom up 
method at a low reaction temperature, requiring a short process time, and with a high yield.  
 
1.3 Summary 
In brief, the existing methods to prepare layered intercalation compounds and single layer 
nanosheets are either of low efficiency, hard to achieve, or having post-treatment issues. A facile 
method to directly prepare layered intercalation hybrids and single layer nanosheets with a high 
efficiency and a high yield is needed. Herein we report an effective but very facile method to 
directly grow layered intercalation compounds and single layer nanosheets through a bottom up 
route. 
 Chapter 2 reports the overall methodology for the direct growth of layered intercalation 
compounds and single layer nanosheets. Chapters 3 and 4 report the detailed mechanism of the 
direct growth of layered intercalation compounds and single layer nanosheets, respectively.  
Chapter 5 studies the direct preparation of α-ZrP based prisms, a NH4
+
 intercalated 
compound with preferred growth in the Z direction. Chapter 6 utilizes the LDH single layer 
nanosheets prepared as described in Chapter 3 to prepare LDH/polymer nanocoatings on PET 
and PLA substrates. Chapter 7 gives an example of a catalytic application utilizing ionic liquid 
intercalated α-ZrP prepared through the method reported in Chapter 2. Chapter 8 gives a general 
summery of this dissertation and a brief outlook.   
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CHAPTER 2  
TAILORING THE THIRD-DIMENSION IN LAYERED MATERIALS: 
DIRECT SYNTHESIS OF LAYERED INTERCALATION COMPOUNDS 
AND SINGLE LAYER NANOSHEETS 
 
2.1 Introduction 
Layered structures
1
 are ubiquitous in nature, found in clays and other minerals, as well as 
in biomaterials such as nacre.
2
 These materials have found widespread application, 
predominately in the form of intercalated layered hybrids,
3-4
 or as exfoliated nanosheets.
5-7
 For 
both scenarios, layered precursor phases are typically first synthesized as a bulk product, and are 
then treated by chemical intercalants or exfoliating agents (Figure 4). Since many layered phases 
may not be intercalated or exfoliated, this two-step process limits the scope of application to a 
small subset of possible materials. In contrast, biomineralization utilizes organic templating 
agents to guide growth of the inorganic structure, resulting in strong layered composites, such as 
nacre, in a single synthetic process.
2
 Following this model it should be possible to guide the 
growth of layered hybrid structures by tuning the interactions between the layer surfaces and 
templating agents, thereby allowing the direct synthesis of layered intercalation compounds and 
single layer nanosheets, as already achieved in some inorganic materials.
8
 
Crystal growth of layered structures is typically anisotropic, with faster growth along the 
layer planes, driven by the formation of strong covalent or coordinate bonds. Interlayer growth 
involves the formation of weaker bonds that vary by structure type, such as Van der Waals 
20 
 
forces,
9
 weak electrostatic interactions,
10
 or hydrogen bonds.
11
 Layered compounds, layered 
intercalation compounds, and single-layer nanosheets essentially differ only in their ordering in 
the 3rd ('Z') dimension (Figure 4). If one can tailor the growth of layered materials in the Z-
direction, layered intercalation compounds and single-layer nanosheets could potentially be 
directly synthesized.  
 
Figure 4. Routes to synthesize intercalated hybrids and single-layer nanosheets. Traditionally, 
layered precursor phases are first synthesized as a bulk product, and then intercalated or 
exfoliated to prepare intercalation compounds or single-layer nanosheets, respectively. Herein, 
we propose to directly synthesize intercalation compounds and single-layer nanosheets by 
bypassing the synthesis of layered precursors. 
 
Herein, we report our strategies to tailor the growth of selected layered materials in the Z-
direction by applying either a layer growth coordinator or inhibitor (Figure 5). Two 
representative layered compounds (Figure 6), α-zirconium phosphate (α-ZrP, Zr(HPO4)2∙H2O) 
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with a negative layer charge
12
 and layered double hydroxide (LDH, [M
2+
1-xM
3+
x(OH)2]
x+
[A
p-
x/p]∙mH2O) with a positive layer charge,
13
 were selected as model systems for the direct synthesis 
of layered intercalation compounds and single-layer nanosheets, respectively. The intercalation
12, 
14
 and exfoliation chemistry
15-18
 of these two compounds have been well studied, and each can be 
easily synthesized in the lab.
13, 19
 The layer growth coordinators can guide the growth of the 
layers in the Z-direction, during which the coordinators are embedded within the formed layers 
to form an intercalation compound (like assembly of building blocks, Figure 5a). The layer 
growth inhibitors allow the layers to grow in-plane only, but prevent the layers from stacking 
(Figure 5b). In this way, single-layer nanosheets can potentially be directly synthesized. Such 
novel methodologies open new routes for achieving intercalated and exfoliated morphologies, 
and may result in new valuable materials.   
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Figure 5. Schematic of direct growth strategies. Direct growth of (a) layered intercalation 
compounds and (b) single layer nanosheets with the assistance of layer growth coordinators and 
inhibitors, respectively (not drawn to scale; M
2+
 and M
3+
 represent double and triple charged 
metal cations). 
 
 
 
23 
 
Figure 6. Structure of (a) α-zirconium phosphate and (b) layered double hydroxide. 
 
2.2 Experimental 
Materials. A series of linear polyethylene glycols (PEG) with various molecular weights: 
ca. 400, 600, 1000, 1900, and 8000 (abbreviated as PEG-400, PEG-600, PEG-1000, PEG-1900, 
PEG-8000) were purchased from Alfa Aesar and used as received. ZrOCl2·8H2O (98%, Sigma-
Aldrich), phosphoric acid (85%, Sigma-Aldrich), poly(sodium 4-styrene-sulfonate) (30 wt.% 
aqueous solution, Sigma-Aldrich), urea (>99.0%, J.T. Baker), formamide (99%, Alfa Aesar), N, 
N-dimethyl formamide (≥99.8%, Sigma-Aldrich), Mg(NO3)2·6H2O (98%, Alfa Aesar), 
Co(NO3)2·6H2O(>98%, Alfa Aesar ), Al(NO3)3·9H2O (99%, Acros), sodium hydroxide (98%, 
Macron), polyethyleneimine (PEI) with an average molecular weight of 600 (Sigma-Aldrich), 
polyvinyl alcohol (PVA, weight average molecular weight of ~27,000, 98.0-98.8% hydrolysis, 
Kuraray), acrylamide (98.0%, TCU America), 1-butyl-3-methylimidazolium (BMIM
+
) chloride 
(>98.0%, Sigma-Aldrich) were all used as received without further purification.  
Characterization. X-ray diffraction (XRD) patterns were recorded on a Bruker D8 
diffractometer with Bragg-Brentano θ-2θ geometry (40 kV and 30 mA), using a graphite 
monochromator with Cu Kα radiation with λ= 1.542 Å. For powder samples, they were gently 
packed in a sample holder for characterization. For solution samples, they were cast as a thin 
liquid film on a silicon wafer, which was covered by a Mylar
®
 film during the characterization. 
In this way, the solution can maintain a flat surface during characterization. In addition, the 
synthesized LDH nanosheets were cast on a clean silicon wafer and dried at room temperature 
for XRD characterization. 
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Scanning electron microscopy (SEM) images were acquired on a field emission-SEM 
(FE-SEM) from JEOL JSM-6335F. The samples were sputter coated with a thin layer (ca. 3 nm) 
of Pt/Pd (80/20) prior to the SEM imaging. 
Transmission electron microscopy (TEM) imaging was carried out using a FEI Tecnai G2 
F20 with field emission gun (FEG) at a working voltage of 200 kV. Observations were made 
through the holes of the carbon support film, so that no noise from the support film was 
introduced. 
Atomic force microscopy (AFM) characterization was performed on an Asylum Research 
MFP-3d AFM. AFM images were obtained under the tapping mode using a silicon tip coated 
with chromium/gold with a force constant of 40 N/m. LDH nanosheets samples were diluted into 
ca. 0.01 mM and drop-coated on a clean silicon wafer for AFM imaging. 
Direct synthesis of α-ZrP based layered intercalation compounds. Polyethylene 
glycol (PEG)/α-ZrP layered intercalation compounds were synthesized via a hydrothermal 
reaction
20
, during which 4.0 g of 20.0 wt% ZrOCl2 aqueous solution was mixed with a pre-
determined amount of PEG. After the PEG was dissolved, a pre-determined amount of 
concentrated H3PO4 was added so that the H3PO4 and ZrOCl2 mole ratio reached 10:1. 
Additional deionized water was added to dilute the concentration of H3PO4 to reach 4.0 M. The 
mixture was treated at 100 °C for 24 hours in a 20 mL container that was well sealed.  
In one series of reactions, PEG-600 was used. The mass ratio of PEG-600 to α-ZrP 
(assuming all the Zr
4+
 cations were converted to α-ZrP) was varied from 0.25:1 to 2.00:1. In 
another series of reactions, linear PEGs with various molecular weights (MWs), including PEG-
400, PEG-600, PEG-1000, PEG-1900, PEG-8000, were used. The mass ratio of each of these 
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PEGs to α-ZrP (assuming all the Zr4+ cations were converted to α-ZrP) was maintained at 1:00 to 
1. 
A neat α-ZrP sample was synthesized in the absence of PEG under the same reaction 
conditions as a control. In addition, this neat α-ZrP was mixed with PEG-600 (mass ratio of 
PEG-600 to α-ZrP is 2:00 to 1), and the mixture was hydrothermally treated at 100 °C for 24 
hours in a same container. This reaction was to check whether the pre-synthesized neat α-ZrP 
can be intercalated by PEG-600 under the same reaction conditions. 
The α-ZrP based intercalation compounds containing other guest species, including other 
polymers (PVA, PEI), small molecules (acrylamide), and ions (1-butyl-3-methylimidazolium 
BMIM
+
), were also synthesized via the same reaction approach and under the same reaction 
conditions. 
After reaction, the products were washed and collected by centrifugation three times. 
After that, they were dried at 70 °C for 24 hours. The dried samples were ground with an agate 
mortar and pestle into fine powders for characterizations. 
Direct synthesis of MgAl-LDH based layered intercalation compounds. A 30.0 mL 
solution composed of Mg(NO3)2 (0.20 M) and Al(NO3)3 (0.05 M) was mixed with urea at a 
molar ratio of (urea):(total metal ion)= 4:1 and a pre-determined amount of poly(sodium 4-
styrene-sulfonate) (PSS). The mixture was added into a Teflon lined hydrothermal reactor and 
heated at 100 °C for 24 hours. The mass ratio of PSS to LDH (assuming all the metal cations 
were converted to LDH) was varied from 0.25:1 to 2.00:1. A neat MgAl-LDH sample was 
synthesized in the absence of PSS under the same reaction conditions as a control. After reaction, 
the products were washed and collected by centrifugation three times. After that, they were dried 
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at 100 °C for 24 hours. The dried samples were ground with an agate mortar and pestle into fine 
powders for characterizations. 
Direct synthesis of colloidal single-layer nanosheets. The traditional titration method
21
 
was modified slightly to directly synthesize single-layer MgAl-LDH by adding 23 vol% 
formamide as inhibitors.  A 10.0 mL solution composed of Mg(NO3)2 (0.040 M) and Al(NO3)3 
(0.010 M) was added drop by drop to a solution of 10.0 mL NaCl (0.010 M) containing 23 vol% 
formamide. Simultaneously, a solution of 0.25 M NaOH was added dropwise with magnetic 
stirring at 80 °C to maintain the system at a pH value of ca. 10. The reaction was completed 
within 10 min. After that, the prepared sample was centrifuged and washed with water. By 
repeating the process three times, single-layer LDH nanosheets dispersed in water were obtained. 
A control sample of conventional layered MgAl-LDH was prepared using the same formulation 
and under the same conditions but in the absence of formamide.  
MgAl-LDH nanosheets were also synthesized using 23 vol% N, N-dimethyl formamide 
as inhibitor through the same procedures.  
Similarly, Co
2+
/Al
3+
 layered double hydroxide (CoAl-LDH) was also prepared [using 
Co(NO3)2 to replace Mg(NO3)2] following the same method in the presence of formamide. In the 
synthesis of CoAl-LDH nanosheets, 20.0 mL solution of Co(NO3)2 (0.032 M) and Al(NO3)3 
(0.018 M) was added drop by drop into a solution of 20.0 mL NaCl (0.018 M) containing 23 
vol% formamide. Reaction was carried out at 80 °C with magnetic stirring, during which a 
solution of 0.25 M NaOH was added dropwise to maintain the system at a pH value of ca. 10. 
 
2.3 Results and discussion 
We hypothesize that the direct synthesis of an intercalated layered hybrid requires the 
formation of a network of interactions between the intercalant and the inorganic structure. The 
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model compound α-ZrP crystallizes with hydroxyl groups projecting from the platelet surface.12 
This surface is ideally suited to form hydrogen bonded networks with a hydrogen bond acceptor 
such as polyethylene glycol (PEG, Figure 5a). 
Preliminary studies showed that it is not possible to intercalate PEG into pre-synthesized 
α-ZrP using conventional methods (See Figure 7). However, when PEG is added to the 
hydrothermal reaction mixture used to synthesize α-ZrP, the interlayer distance of the formed 
compounds increases from the native 7.6 to 10.4 Å, indicating the formation of an intercalated 
phase. Different mass ratios of PEG with a molecular weight (MW) of ca. 600 g/mol (PEG-600) 
were added to reaction mixtures to evaluate the effect on intercalation efficiency (Figure 8a). At 
low mass ratios (less than 0.50:1 PEG-600:α-ZrP) a mixture of un-intercalated α-ZrP and 
intercalated PEG/α-ZrP hybrid was observed. At higher mass ratios (≥ 0.5:1 PEG-600:α-ZrP), 
only a very small amount of un-intercalated α-ZrP was found. Further increasing the mole ratio 
did not alter the distribution of the products much, indicating that the mixture has reached an 
equilibrium distribution. It is possible that the two phases are present within a single crystal, with 
alternating intercalated/un-intercalated layers. 
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Figure 7. XRD patterns of pristine α-ZrP and the mixture of α-ZrP and PEG-600 (2.00:1 mass 
ratio) after mixing under the hydrothermal reaction conditions (100 °C for 24 hours). 
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Figure 8. XRD patterns of directly synthesized intercalation compounds. (a) Intercalation 
compounds synthesized with various PEG-600/α-ZrP mass ratios (100 °C for 24 hours);  (b) 
intercalation compounds synthesized with PEGs with different MWs (100 °C for 24 hours, 
PEG/α-ZrP=1.00:1 in mass ratio); (c) intercalation compounds synthesized with various 
PSS/LDH mass ratios (100 °C for 24 hours). 
 
The degree of intercalation efficiency was found to scale with the chain length of the 
polymer coordinators (Figure 8b).  When α-ZrP is synthesized in the presence of PEG with a 
MW exceeding 1000 g/mol, only the intercalated product is observed. This result can be 
attributed to the cooperative action of ether subunits that allow PEG to be tethered to the growing 
α-ZrP framework. In order for PEG chains to be included within the growing crystal they must 
be sufficiently anchored onto the surface to prevent them from being displaced as the subsequent 
layer is nucleated. A long chain would statistically favor the anchoring of PEG chains, thus 
facilitating the formation of an intercalation compound. 
It should be noted that the synthesized PEG/α-ZrP intercalation compounds exhibit the 
same interlayer distance, regardless of the PEG chain length or the PEG/α-ZrP mass ratio. This 
suggests that the intercalated PEG chains are parallel to the layers. Moreover, the thickness of 
linear PEG of ca. 2.8 Å (based on ChemDraw Ultra 7.0) is in an excellent agreement with the 
interlayer distance difference between the PEG/α-ZrP intercalation compounds (10.4 Å) and α-
ZrP (7.6 Å), which further suggests PEG chains are parallel to the layer surface.   
While the parallel conformation of PEG chains are expected based on the aforementioned 
formation hypothesis of the intercalated hybrids (Figure 5a), it should be noted that it is highly in 
contrast to the dominant trend in which intercalants tilt away from the layer surface to a certain 
angle, resulting in an interlayer distance proportional to chain length.
22
 While many conventional 
31 
 
intercalants feature an interacting head group and an organic tail group, PEG forms hydrogen 
bonds to α-ZrP through its backbone oxygen atoms, favoring an extended conformation.  
Figure 9 shows the SEM images of pristine α-ZrP and the intercalated PEG/α-ZrP 
compounds. Overall, all the intercalation compounds are similar in morphology. They are 
slightly smaller than the α-ZrP grown in the absence of PEG, which indicates that the presence of 
PEG only has marginal impact on the crystal growth in the lateral direction. This is consistent 
with our hypothesis that PEG predominately affects interlayer growth. 
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Figure 9. SEM images of α-ZrP based intercalation compounds. (a) α-ZrP, (b) PEG-600/α-ZrP 
(1.00:1), (c) PEG-1900/α-ZrP (1.00:1), and (d) PEG-8000/α-ZrP (1.00:1). 
Various other coordinators, including other polymers (e.g., polyethyleneimine (PEI), 
polyvinyl alcohol (PVA)), small molecules (e.g., acrylamide), and ions (e.g., 1-butyl-3-
methylimidazolium (BMIM
+)) were also evaluated for the direct synthesis of α-ZrP based 
intercalation compounds because they can either form hydrogen bonds (e.g., PEI, PVA, 
acrylamide) or electrostatic force (e.g., BMIM
+) with α-ZrP layers. The characterization results 
proved that they can similarly form intercalation compounds with α-ZrP via a single step 
synthesis (see Figure 10), suggesting that the proposed methodology is general.  
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Figure 10. XRD patterns of α-ZrP based intercalation compounds. Those intercalation 
compounds were synthesized with various coordinators at 100 °C for 24 hours. The labeled ratio 
represents mass ratio.  
Moreover, the direct synthesis of intercalation compounds based on another typical 
layered compound, Mg
2+
/Al
3+
 LDH (hereafter MgAl-LDH), was also explored. Since the layers 
of MgAl-LDH is positively charged, a negatively charged polyelectrolyte, poly(sodium 4-
styrenesulfonate)  (PSS), was chosen as the coordinator, with an expectation that LDH layers and 
PSS can form a weak electrostatic force. The XRD characterization results are shown in Figure 
8c, which shows a very similar trend as the direct synthesis of PEG/α-ZrP intercalation 
compounds as shown in Figure 8a). During the synthesis, a higher concentration of PSS favored 
the growth of the PSS/MgAl-LDH layered intercalation compounds. Meanwhile, the interlayer 
distance of the PSS/MgAl-LDH layered intercalation compounds remained virtually the same 
(20.0 Å), because PSS stayed parallel to the layer planes.   
Overall, the above results on the direct growth of layered intercalation compounds based 
on two different layered materials using various coordinators, support that this one-step direct 
synthesis approach reported here is a general method applicable to various systems, thus 
promising to be adopted for widespread application. 
The exfoliation of a layered phase typically requires the use of a large intercalant to 
weaken the interlayer interaction. Extensive processing may be required in order to complete the 
delamination process. For example, LDH may be exfoliated by first intercalating to increase the 
interlayer distance and then violently agitating the product for extended periods of time (usually 
24 hours or longer) in a number of solvents, including butanol, acrylates, toluene, and 
formamide.
17
 Li et al. reported the exfoliation of LDH in formamide without the intercalation 
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step, but it required ca. 2.5 days and large excess of formamide (ca. 0.05 g LDH in 100 mL 
formamide).
23
 While the exact exfoliation mechanism of LDH has not yet been fully clarified, it 
was proposed that this occurs because the carbonyl group of formamide can solvate the LDH 
sheet surface, displacing the inherent interlayer water molecules.
24
 The amine terminus of 
formamide forms relatively weak interactions with the interlayer anions, thereby weakening the 
overall interlayer attraction.
24
 Other attempts to prepare thin LDH nanosheets focused on the 
control of reaction media (micelles) size. This allowed for the synthesis of LDH with 
controllable overall dimension and obtained LDH with only a few layers.
25-26
 In contrast, our 
method focuses on tailoring the reaction conditions to inhibit Z-direction growth. 
We conducted a quick synthesis (10 min) of Mg
2+
/Al
3+
-LDH (MgAl-LDH) directly in the 
presence of formamide (23 vol%) (See supporting information for details) with an expectation 
that formamide molecules can adhere to the LDH sheet surface, thus allowing the sheets to grow 
laterally while inhibiting interlayer growth (Figure 5b) ). MgAl-LDH control sample synthesized 
in water using the titration method has an interlayer spacing of 7.9 Å, which is observable by X-
ray diffraction when the particles are both in power form (See Figure 11 insert) and suspended in 
water (along with a broad peak at ca. 25.8° from Mylar® film
20
 used to cover the liquid sample 
during analysis), as shown in Figure 12a-I. When MgAl-LDH was synthesized in the presence of 
formamide and characterized in a dispersion under the same conditions, no diffraction peaks 
were visible (Figure 12a-II), indicating the lack of long range ordering. When this dispersion 
sample was cast and dried onto a silicon wafer, a broad and intense diffraction peak at 11.02° 
(8.0 Å) was observed (Figure 12a-III). The diffraction peak is assigned to the interlayer spacing 
of the re-stacked colloidal MgAl-LDH nanosheets. The slightly increased interlayer distance is 
attributed to turbostratic disordering and residual water within the interlayer galleries.
27
 The 
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virtually transparent MgAl-LDH aqueous dispersion clearly exhibited the Tyndall effect (Figure 
12a inset), which supports the existence of colloidal LDH nanosheets in the dispersion. After 
centrifuge, a gel like sample was collected, which were loosely and randomly stacked LDH 
nanosheets. This gel like sample did not show any peak in low-angle regions, but a (110) peak at 
ca. 60° corresponding to LDH in-plane diffraction
28
 was observed, indicating the presence of 
sheet structure in the sample (Figure 13). This further supports the formation of LDH nanosheets 
with virtually no stacking. Analysis of the synthesized MgAl-LDH by transmission electron 
microscopy (TEM, Figure 12b) revealed pseudohexagonal nanosheets with a size distribution of 
ca. 25-50 nm in diameter.  
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Figure 11. XRD patterns of the pre-synthesized MgAl-LDH before (insert, dry solid) and after 
being stirred in an aqueous dispersion containing 23 vol% formamide at 80 °C for 10 min. 
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Figure 12. (a) XRD patterns of: (I) aqueous dispersion of MgAl-LDH control sample; (II) 
aqueous dispersion of directly synthesized MgAl-LDH single-layer nanosheets in the presence of 
formamide; and (III) re-stacked MgAl-LDH nanosheets on a silicon wafer after drying. Inset: 
sample (II) exhibiting Tyndall effect. (b) TEM image of MgAl-LDH single-layer nanosheets. 
Inset: an individual hexagon shaped LDH nanosheet. (c) AFM image of a pseudohexagonal 
MgAl-LDH nanosheet; (d) AFM image of multiple neighboring single-layer nanosheets. 
 
 
Figure 13. XRD patterns of the gel like MgAl-LDH nanosheets collected after centrifuge.  
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To further confirm the formation of single-layer MgAl-LDH nanosheets, the synthesized 
sample was cast on a silicon wafer and characterized by AFM. Figure 12c and d show 
representative AFM images of the MgAl-LDH nanosheets. The height of the nanosheets is ca. 
0.8 nm. The theoretical thickness of a single layer of metal hydroxide is ca. 0.48 nm.
13, 29-30
 The 
adsorption of formamide and counter-anions (NO3
-
) layer on the sheet surface is expected to be 
about 0.3 nm.
23, 31
 Thus, the thickness from AFM imaging agrees well with the thickness of a 
single-layer MgAl-LDH nanosheet sandwiched by a layer of formamide and NO3
-
 counter-
anions, thus supporting that we indeed synthesized MgAl-LDH single-layer nanosheets. 
 
In order to verify that the MgAl-LDH single-layer nanosheets were not generated through 
the exfoliation of the conventional multi-layered LDH, the MgAl-LDH control sample (as 
characterized in Figure 12a-I and Figure 14) was mixed in 23 vol% formamide aqueous solution 
and stirred vigorously for 10 min (the same duration used for the synthesis of MgAl-LDH in the 
presence of formamide). XRD analysis of this post-treated sample (Figure 11) revealed the 
presence of the characteristic (003) diffraction, demonstrating that it is not possible to delaminate 
pre-formed LDH by this brief treatment (the slightly increased interlayer distance from 7.9 to 8.0 
Å is owing to the marginal swelling). To be noted, Figure 14 shows that the control LDH sample 
was barely crystalized, which is expected because of the very short reaction time. But their 
lateral dimension is close to the LDH single layer nanosheets as shown in Figure 12b. 
39 
 
 
 
Figure 14. SEM image of the control MgAl-LDH sample synthesized at the absence of 
formamide.  
It is possible that formamide serves multiple functions during the synthesis of single-
layer nanosheets. In addition to the previously proposed interactions between the carbonyl 
groups of formamide with the hydroxide groups on the LDH sheet surfaces,
24
 it is worth 
considering the unusually high dielectric constant of formamide (ε = 111 at 20 °C).32 Formamide 
is used to prevent the precipitation of polyions, such as DNA.
33
 The presence of formamide 
weakens the electrostatic interactions between the positively charged sheets and the negatively 
charged counterions,
34
 which in turn lowers layer-layer interactions. Such an ion-ion interaction 
weakening effect by high dielectric constant solvents have been simulated and modeled.
35
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Likewise, Co
2+
/Al
3+
 LDH (CoAl-LDH) single-layer nanosheets have been prepared via the 
one-step synthesis using formamide as a layer growth inhibitor (See Figure 15), and MgAl-LDH 
single-layer nanosheets have also been synthesized using another inhibitor, N, N-dimethyl 
formamide (See Figure 16). Based on the general principle of inhibiting as illustrated in Figure 
5b, it is believed that these processes can be extended to other layered structures once a suitable 
inhibitor is identified. 
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Figure 15. XRD patterns of CoAl-LDH single-layer nanosheets synthesized in the presence 
of formamide. (I) Aqueous dispersion of CoAl-LDH control sample, (II) aqueous dispersion of 
directly synthesized CoAl-LDH single-layer nanosheets in the presence of formamide; and (III) 
re-stacked CoAl-LDH nanosheets on a silicon wafer after drying. Inset: XRD pattern of CoAl-
LDH control sample in powder form.  
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Figure 16. XRD patterns of MgAl-LDH single-layer nanosheets synthesized at the presence 
of another inhibitor, N, N-dimethyl formamide. (I) aqueous dispersion of MgAl-LDH control 
sample, (II) aqueous dispersion of directly synthesized MgAl-LDH single-layer nanosheets at the 
presence of N, N-dimethyl formamide; and (III) re-stacked MgAl-LDH nanosheets on a silicon 
wafer after drying.  
 
2.4 Conclusions 
We have shown that by introducing either a layer growth coordinator or inhibitor during 
synthesis, one can control morphology of the as-synthesized product. Such tunability is highly 
desirable for the design of layered intercalation compounds or single-layer nanosheets for 
various applications. The multiple examples have clearly demonstrated that the new 
methodology for direct synthesis of layered intercalation compounds and single layer nanosheets 
is very general. In fact, the underlying fundamental mechanism of the methodology is the control 
of the weak interactions between layers. Since weak interactions, including electrostatic forces 
and hydrogen bonds, widely exist, it is not surprising that this methodology can be applied to a 
wide range of layered materials and can serve as a valuable tool to create new materials.  
The observation of single polymer layers between inorganic sheets in the PEG/α-ZrP 
intercalated hybrids also presents a unique nano-confinement environment for various molecules, 
which will be investigated later as a separate topic. This methodology not only allows access to 
materials that may not otherwise be synthesized, but the one step process also offers significant 
savings in both cost and time. For example, the 10-minute procedure outlined here to synthesize 
LDH single-layer nanosheets should be contrasted with the classical synthesis of LDH layered 
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structures typically requiring multiple hours, followed by an exfoliation process that can take 
multiple days. 
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CHAPTER 3  
IN SITU SYNTHESIS OF LAYERED DOUBLE 
HYDROXIDE/POLYELECTROLYTE INTERCALATION COMPOUNDS 
 
3.1 Introduction 
Layered double hydroxide (LDH) with positively charged layers as the host layered 
material and poly(sodium 4-styrene-sulfonate) (PSSNa) as the layer growth coordinator were 
selected to study the one-step direct synthesis of layered intercalation compounds. PSSNa is a 
strong polyelectrolyte that fully dissociates in water and forms PSS
-
. Thus, the negatively 
charged PSS
-
 can coordinate the growth of LDH layers due to electrostatic interactions, as 
reported in Chapter 2.  
However, only one type of PSSNa with a weight average molecular weight (Mw) of 
70,000), and only one PSSNa/LDH weight ratio (2.2:1, where PSSNa was in excess) was 
investigated.
1
 The detailed intercalation mechanism is to be further investigated to achieve a 
deeper understanding. It is important to understand how the chain length and the concentration of 
the polyelectrolytes will affect the growth of the intercalation compounds. It was revealed in our 
previous work that at relatively low molecular weights, the intercalation efficiency increases 
when the molecular weight is relatively higher during the direct growth of α-zirconium 
phosphate/poly(ethylene glycol) (α-ZrP/PEG) layered intercalation compounds (Chapter 2). In 
this chapter, we will focus to investigate the effect of high molecular weight polyelectrolytes.   
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Magnesium and aluminum layered double hydroxide (MgAl-LDH, with a formula Mg/Al 
molar ratio of 4) was chosen as the layer host. A series of PSSNa electrolytes with three different 
Mw of 70,000, 200,000, and 500,000 were chosen as the targeted polyelectrolytes in high 
molecular weights range. The growth of MgAl-LDH was achieved through a urea hydrolysis 
method.
2
 Well crystalized LDH can be obtained because urea hydrolyzes at elevated 
temperatures and allows for a slow release of OH
-
, which ensures a homogeneous pH 
distribution throughout the reaction, leading to the formation LDH with an overall high 
crystallinity.  
 
3.2 Experimental  
Materials 
Poly(sodium 4-styrene-sulfonate) (Mw 70,000, 35 wt.% aqueous solution; Mw 200,000, 
30 wt.% aqueous solution; Mw 500,000, powder; all from Sigma-Aldrich), urea (>99.0%, J.T. 
Baker), Mg(NO3)2·6H2O (98%, Alfa Aesar), and Al(NO3)3·9H2O (99%, Acros Organics) were 
all used as received without further purification. 
Direct growth of layered intercalation compounds 
In a typical experiment, PSSNa/LDH intercalation compound was synthesized by mixing 
a pre-determined amount of PSSNa with metal salts (Mg(NO3)2, Al(NO3)3) in 30 mL of D.I. 
water. The molar ratio of Mg
2+
:Al
3+
 was set at 4:1. The total metal ion concentration was 0.25 M. 
Urea was added to the metal salts solution at a molar ratio of urea:total metal ion at 4:1. The 
reaction mixture was well mixed, and then added to a Teflon lined hydrothermal reactor and 
heated at 100 °C for 24 hours. After reaction, the samples were washed and centrifuged with D.I. 
water for three times. The products recovered from centrifugation were dried in an oven at 80 °C 
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for 24 hours. All samples were ground into powders with a mortar and pestle for 
characterization.  
PSSNa /LDH intercalation compounds were prepared using three PSSNa with an Mw of 
500,000, 200,000, and 70,000. The mass ratio of PSSNa to LDH was varied from 0.125:1 to 
1.000:1 (assume all metal salts were converted to LDH) to study the intercalation behaviors. 
Characterization 
Fourier transform infrared (FT-IR) spectra were recorded on a Nicolet Magna 560 FT-IR 
spectrophotometer. The samples were mixed with KBr and compressed into pellets for 
characterization. Thermal properties of the samples were characterized by a thermogravimetric 
analyzer (TGA, TA Instruments model Q500) in an air atmosphere (40 mL/min) at a heating rate 
of 10 °C/min. X-ray diffraction (XRD) patterns were recorded on a Bruker D5 diffractometer 
with Cu Kα radiation (λ = 1.5406 Å, 40 kV, 40 mA). Helios NanoLab 400 Dual Beam field 
emission scanning electron microscope (FE-SEM) from FEI was employed for SEM imaging.  
 
3.3 Results and discussion 
After reaction, three sets of PSSNa/LDH intercalation compounds with various 
PSSNa/LDH mass ratios were obtained. XRD and FT-IR were performed to characterize the 
products and study the intercalation efficiency. TGA was performed to study the thermal 
behavior of the products and estimate the content of organic components in the intercalation 
compounds. SEM images revealed the morphology of the synthesized intercalation compounds.  
XRD analysis  
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XRD patterns of PSSNa/LDH intercalation compounds are shown in Figure 17 ((a)-(c)), 
where the position of the first diffraction peak (corresponding to the interlayer distance) of all 
intercalation compounds was shifted to lower angles compared to the LDH control sample.  
 All intercalation compounds exhibited an interlayer distance close to ca. 20.0 Å,
1, 3-4
 
regardless of PSSNa/LDH weight ratio. This interlayer distance was the result of the strong 
electrostatic interactions between the positively charged LDH layers and the negatively charged 
PSS
-
, where the interlayer expansion of ca. 12.4 Å (from ca. 7.6 to 20.0 Å) was ascribed to the 
incorporation of one layer of PSS
-
.  
A one-layer PSS
-
 packing structure was proposed (Figure 17(d)) where the negatively 
charged sulfonic groups facing the positively charged LDH layers, maximizing the electrostatic 
interactions. Commercially available polystyrenes are atactic, thus, the phenyl groups are 
randomly distributed on both sides of the linear polymer chain. The largest distance from an 
oxygen atom on one sulfonic group to another oxygen atom at the opposite side of the polymer 
backbone is ca. 13.6 Å (based on ChemBioDraw Ultra 12.0). Because of the bond angles and 
geometry, the thickness of PSS
-
 should be slightly less than 13.6 Å, which explains the interlayer 
expansion (12.4 Å) of the PSSNa/LDH intercalation compounds.  
This proposed one-layer arrangement of PSS
-
 in between LDH layers is supported by the 
XRD results that when the mass ratio of PSSNa/LDH was increased from 0.125/1 to 0.500/1, 
two phases (pristine LDH and PSSNa intercalated LDH) co-existed and the d value barely 
changed (ca. 19.0 Å). For PSSNa with a Mw of 70,000 (Figure 17 (a)), further increasing the 
PSSNa/LDH mass ratio to 0.750/1 and 1.000/1, the interlayer distance was increased to ca. 20.0 
Å and only the intercalated LDH phase was observed, which indicates that the proposed structure 
is stable. Results of PSSNa/LDH mass ratio of 2.000/1 was also obtained (shown in Chapter 2, 
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Figure 8c), the interlayer distance remained at ca. 20.0 Å, which further supports the stability of 
the single layer arrangement of PSS
-
 in between LDH layers originated from the strong 
electrostatic interactions.  
For PSSNa with an Mw of 200,000 (Figure 17 (b)), the same trend was observed. 
However, for PSSNa with an Mw of 500,000 (Figure 17 (c)), at PSSNa/LDH mass ratios as high 
as 0.750/1, there was still an observable amount of un-intercalated LDH phase present, which 
suggests the poor intercalation efficiency at high PSSNa Mw. 
 
Figure 17. XRD patterns of PSSNa/LDH intercalation compounds with various PSSNa/LDH 
weight ratios: (a) PSSNa Mw 70,000, (b) PSSNa Mw 200,000, (c) PSSNa Mw 500,000 (▼ 
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indicate the pristine LDH characteristic peak) and (d) proposed one-layer packing of PSS
-
 in the 
intercalation compounds. 
 
XRD patterns of the intercalation compounds with the same Mw but various PSSNa/LDH 
mass ratios are compared in Figure 18. At a low PSSNa loading (Figure 18(a)), three Mw of 
PSSNa had virtually the same intercalation efficiency, where two phases co-existed in the 
product and LDH phase was the dominant phase over the PSSNa/LDH intercalation compound 
phase. This is probably because the amount of PSSNa used was so small, where only partial 
LDH can be intercalated by PSSNa. And because of the small amount, PSSNa could be fully 
incorporated into LDH interlayer regions regardless of the Mw. When the PSSNa/LDH mass 
ratio was increased to 0.250/1, the amount of the intercalation phase increased evidently for all 
three Mw (Figure 18(b)). When PSSNa/LDH mass ratio was at 0.500/1 (Figure 18(c)), the 
intercalation phase became the dominant phase and the intercalation efficiency of three Mw of 
PSSNa varied. The lowest Mw of 70,000 led to the highest intercalation efficiency and the 
efficiency decreased with an increasing Mw. Further increasing the PSSNa/LDH mass ratio to 
0.750/1 (Figure 18(d)), only the intercalation phase existed for PSSNa Mw of 70,000 and 200,000. 
For PSSNa Mw of 500,000, LDH and the intercalation phase co-existed, which was consistent 
with the result from PSSNa/LDH =0.500/1, where the intercalation efficiency declined with an 
increasing Mw.   
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Figure 18. XRD patterns of the intercalation compounds formed with PSSNa with different Mw: 
(a) PSSNa/LDH =0.125/1; (b) PSSNa/LDH=0.250/1; (c) PSSNa/LDH=0.500/1; (d) PSSNa/LDH 
=0.750/1. 
 
The intercalation efficiency of the three Mw of PSSNa was compared at PSSNa/LDH 
mass ratio from 0.125/1 to 0.750/1. The intercalation peak area and the LDH peak area of all the 
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samples were calculated, and are presented in Figure 19 and summarized in Table 1. The 
intercalation efficiency was similar when PSSNa was not sufficient (0.125/1and 0.250/1) 
regardless of Mw. When the PSSNa/LDH mass ratio was increased to 0.500/1, we found that the 
intercalation efficiency decreased with an increasing Mw.   
 
 
Figure 19. Intercalation trend of different Mw of PSSNa. 
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For PSSNa with relatively low Mw, a larger amount of PSSNa can be incorporated into 
LDH interlayer region at same mass ratio of PSSNa/LDH (0.250/1) (Figure 18(c)) compared 
with the intercalation compounds of higher Mw PSSNa. The same trend was also observed at 
PSSNa/LDH mass ratio of 0.500/1, the peak area ratio of intercalation phase (d=20.0 Å) to LDH 
phase is decreased when PSSNa Mw is increased from 70,000 to 500,000. At PSSNa/LDH mass 
ratio of 0.750/1, this trend is more prominent where the peak area ratio is infinite for PSSNa Mw 
of 70,000 and 200,000 while the ratio is ca. 11 for PSSNa Mw of 500,000. This phenomenon 
indicates that at same PSSNa/LDH weight ratio, PSSNa with low Mw has higher intercalation 
efficiency.  
Table 1. Summary of intercalation peak area to LDH peak area ratios. 
               Mw 
PSSNa/LDH Ratio 
70,000 200,000 500,000 
0.125/1 0.27±0.020 0.31±0.010 0.37±0.025 
0.250/1 1.18±0.075 1.16±0.030 0.96±0.015 
0.500/1 12.97±2.000 4.27±0.080 2.00±0.035 
0.750/1 ∞ ∞ 10.96±2.700 
 
 
In salt solution, PSSNa tends to shrink as the salt concentration is increased. Previous 
study
5
 showed that the radius of gyration (Rg) of PSSNa decreased as the salt concentration was 
increased. When PSSNa Mn was ca. 55,000, its Rg decreased from 80±2 Å to 54±2 Å when salt 
concentration was increased from 0.0078 M to 0.3375 M. When salt concentration was 0.25 M, 
PSSNa had an Rg of 59.8±1.5 Å. It is known that the radius of gyration of a linear polyelectrolyte 
obeys the classical scaling law
6-7
 in monovalent electrolyte solutions: 
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where M is the molecular weight and α is the Flory exponent in the range of 0.5-0.6. Thus, Rg of 
PSSNa with various Mw under the same condition can be estimated. At PSSNa Mw of 55,000, its 
Rg reached a value of ca. 60 Å at salt concentration of 0.25 M,
5
 which is much larger than the 
interlayer expansion of ca. 12.4 Å caused by one layer of PSS
-
 in between LDH layers as we 
observed in Figure 17. Under the same salt concentration, the Rg of each PSSNa with an 
increased Mw (70,000, 200,000, and 500,000) will increase exponentially. Thus, one can imagine 
that it will be much more difficult to align a layer of PSS
-
 in between LDH layers when the Rg of 
PSSNa is much larger than the interlayer expansion of ca. 12.4 Å. Difficulties to disentangle 
polymer chains, to unfold polymer chains, and to realign polymer chains may be the causes of 
the decreased intercalation efficiency when PSSNa Mw was increased.  
FTIR analysis 
FTIR was performed to further characterize the PSSNa/LDH intercalation compounds. 
Intercalation compounds with PSSNa Mw of 70,000, 200,000, and 500,000 were compared with 
LDH and PSSNa control samples (Figure 20, 21, and 22, respectively). LDH control sample 
showed one strong peak at 1370 cm
-1
, which is ascribed to the stretching of C=O from CO3
2-
 as 
shown in the spectra.
8
 In the FTIR spectra, when PSSNa/LDH mass ratio was increased from 
0.125/1 to 1.000/1, the intensity of the peak at 1370 cm
-1
 decreased. This result corresponded 
well with the XRD results that the intercalation phase increased when PSSNa/LDH mass ratio 
was increased. This indicates that the carbonate anions in LDH were gradually replaced by PSS
-
. 
At 1040 and 1196 cm
-1
, two strong peaks were caused by the symmetric stretch and asymmetric 
stretch of the vibrations of sulfonate -SO3
- 
in PSSNa.
9
 These two characteristic absorption peaks 
were observed in all PSSNa/LDH intercalation compounds, which confirmed the presence of 
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PSSNa in these compounds. And an opposite trend compared to the peak at 1370 cm
-1
 was 
observed that when the PSSNa/LDH mass ratio was increased from 0.125/1 to 1.000/1, the 
intensity of the two peaks increased regardless of the Mw of PSSNa. This result is consistent with 
the result from the XRD patterns as well as the trend of the peak at 1370 cm
-1
 that PSS
-
 gradually 
replaced the carbonate anions in between LDH interlayer region.   
 
Figure 20. FTIR spectra of PSSNa/LDH intercalation compounds synthesized using PSSNa with 
a Mw of 70,000. 
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Figure 21. FTIR spectra of PSSNa/LDH intercalation compounds synthesized using PSSNa with 
a Mw of 200,000. 
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Figure 22. FTIR spectra of PSSNa/LDH intercalation compounds synthesized using PSSNa with 
a Mw of 500,000. 
 
TGA analysis 
For thermal analysis, all samples were tested in the solid phase (Figures 27, 28 and 29). 
PSSNa with an Mw of 70,000 and 200,000 were purchased in solution, thus they were dried in 
oven at 70 °C for 24 hours before testing.   
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Pristine LDH control sample has three stages of weight loss as observed from its TGA 
thermogram. The first weight loss at ca. 70-190 °C was ascribed to the loss of physically 
absorbed water. The second weight loss at ca. 190-320 °C was the loss of the water residing in 
the LDH interlayer regions.
10
 The third weight loss at ca. 320-540 °C was from the 
decomposition of carbonate in between LDH layers and deconstruction of the hydroxyl layers.
10
 
The TGA thermograms of PSSNa with various Mw showed that they all started to decompose at 
ca. 420 °C. Figure 23 showed the TGA thermograms of the PSSNa/LDH intercalation 
compounds (PSSNa Mw 70,000) in comparison to LDH and PSSNa (Mw 70,000) control samples. 
At PSSNa/LDH mass ratio of 1.000:1, two stages of weight loss were observed. The first weight 
loss stage at ca. 30-430 °C was due to the evaporation of physically absorbed water and loss of 
interlayer water. The second stage was between ca. 430-650 °C, owing to the de-hydroxylation 
of LDH layers, de-carbonation, and partial decomposition of PSSNa.
11
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Figure 23. TGA profile of PSSNa/LDH intercalation compounds with different mass ratios of 
PSSNa (Mw 70, 000).  
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Figure 24. TGA profile of PSSNa/LDH intercalation compounds with different mass ratios of 
PSSNa (Mw 200, 000).  
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Figure 25. TGA profile of PSSNa/LDH intercalation compounds with different mass ratios of 
PSSNa (Mw 500, 000).  
 
The total weight loss of PSSNa/LDH intercalation compounds increased when the 
PSSNa/LDH mass ratio was increased. At PSSNa Mw of 70,000 (Figure 23), the weight loss of 
the intercalation compounds with the PSSNa/LDH mass ratio ranging from 0.125/1 to 1.000/1 
was ca. 43.4%, 46.5%, 53.7%, 55.3%, and 55.4%, respectively. When PSSNa Mw was increased 
to 200,000 (Figure 24), the weight loss of the intercalation compounds with the PSSNa/LDH 
mass ratio ranging from 0.125/1 to 1.000/1 was ca. 45.6% , 50.5%, 56.2%, 57.1%, and 63.2% 
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accordingly. Further increasing PSSNa Mw to 500,00 (Figure 25), the weight loss of the 
intercalation compounds with PSSNa/LDH mass ratio ranging from 0.125/1 to 1.000/1 was ca. 
43.5% , 47.7%, 54.5%, 55.5%, and 56.4% respectively. The TGA data of the three sets of 
intercalation compounds showed that the decomposition temperature increased as the LDH 
content was increased. All of the intercalation compounds exhibited a higher polymer onset 
decomposition temperature owing to the protection effect from LDH layers, which further 
supports the successful intercalation of the polyelectrolyte into the LDH layers.
12-13
 
 
SEM analysis 
The morphology of the control LDH and selected PSSNa/LDH intercalation compounds 
were characterized by scanning electron microscope. Figure 26 showed the SEM images of the 
LDH control sample which is pseudo-hexagonal with a diameter of ca. 3-6 μm.   
 
Figure 26. SEM images of the hydrothermally synthesized pristine LDH. 
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The SEM images of the selected intercalation compounds are shown in Figure 27. At 
PSSNa Mw of 70,000, with an increasing PSSNa/LDH mass ratio from 0.125/1 to 1.000/1 
(Figure 27A, B, and C), the platelets tended to aggregate and formed a rosette structure. The 
estimated diameter of those samples ranged from ca. 2 to 6 μm, which is similar to that of the 
LDH control sample. For intercalation compounds with PSSNa Mw of 200,000, when an 
increasing PSSNa/LDH mass ratio from 0.125/1 to 1.000/1 (Figure 27D, E, and F), the 
morphology all resembled rosette structure but aggregation turned to be more severe. The 
diameter of the samples was in the range of ca. 2-4 μm. When PSSNa Mw reached 500,000, the 
morphology of the intercalation compounds with various PSSNa contents (Figure 27G, H, and I) 
still resembled the rosette structure and aggregation turned to be even worse, especially at higher 
PSSNa contents. The diameter of the intercalation compounds was ca. 2-8 μm. Thus, all of the 
PSSNa/LDH intercalation compounds exhibited a similar dimension compared with the LDH 
control sample, which is consistent with our hypothesis that the polyelectrolytes only guide the 
growth of LDH in the Z direction, barely affecting the growth in the plane (X-Y) direction. 
However, the formation of the rosette structure was induced by the templating effect of PSSNa. 
In the reaction solution, the polyelectrolyte tends to form vesicles to which the metal cations are 
attracted because of the electrostatic interactions. The addition of polyelectrolyte during the 
formation of LDH layered structure can reduce the overall charge on the surface.
14
 It is believed 
that the vesicles served as a template for the formation of a rosette structure.
15
 During the crystal 
nucleation and growth, the stable interactions between the vesicles and LDH layers on the curved 
organic/inorganic interface induced the growth of curved LDH layers. Thus, the spherical shape 
from the polyelectrolyte vesicles templated the backbone of LDH rosette structure where the 
curved layers resembled rose petals.   
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Figure 27. SEM images of selected PSSNa/LDH intercalation compounds using PSSNa with 
various Mw, where A, B, and C were from PSSNa with a Mw of 70,000; D, E, and F were from 
PSSNa with a Mw of 200,000; G, H, and I were from PSSNa with a Mw of 500,000. 
 
3.4 Conclusion  
In this chapter, PSSNa/LDH intercalation compounds were prepared in a one-pot direct 
synthesis process where PSSNa was examined as a layer growth coordinator. Three Mw of 
PSSNa were studied, where at the same PSSNa/LDH weight ratio, the intercalation efficiency 
declined when PSSNa Mw was increased. The PSSNa/LDH intercalation efficiency exhibited an 
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opposite trend compared with that of the PEG/α-ZrP intercalation compounds studied in Chapter 
2, where high Mw PEG favored the growth of PEG/α-ZrP intercalation compounds.   
The formation of PSSNa/LDH intercalation compounds were confirmed by XRD and 
FTIR. Based on the characterization results, a one-layer PSS
-
 structure was proposed to align in 
between LDH layers to maximize the electrostatic interactions. The content of PSSNa increased 
in the formed PSSNa/LDH intercalation compounds with an increasing PSSNa/LDH weight ratio 
in the formulation. Moreover, the SEM images of the intercalation compounds indicated that the 
presence of PSSNa guided the growth of LDH in the Z direction only but not in plane (X-Y) 
direction. Because of the templating effect of the PSSNa vesicles, LDH tended to grow into 
curved layers, which aggregated to form a rosette structure.  
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CHAPTER 4  
DIRECT SYNTHESIS OF LDH SINGLE LAYER NANOSHEETS IN 
FORMAMIDE 
 
4.1 Introduction 
The objective of this chapter is to study the layer charge effect on the direct synthesis of 
LDH single layer nanosheets in formamide. In Chapter 2, the direct growth of LDH single layer 
nanosheets was described and the mechanism was proposed. However, the various effects that 
affect the growth process of LDH, such as LDH layer charge and formamide concentration, were 
not explored.  
We hypothesize that formamide can absorb on the surface of LDH layers through a 
strong interaction formed by the carbonyl functionality of formamide.
1-5
 The amine group in 
formamide does not form a strong interaction with counter anions (CO3
2-
, NO3
-
, etc.), which 
ultimately weakens the attraction. In this way LDH layers can be sheltered by formamide from 
counter anions, preventing the continuous growth of layers on top of each other. According to 
the proposed mechanism and the fact that formamide possess a high dielectric constant, a higher 
concentration of formamide should favor the formation of single layer nanosheets.  
In LDH structure, it was reported that the expansion of LDH layers was related to the 
decrease of the net layer charge (a result of decreasing M
3+ 
content), causing the electrostatic 
attractions between positively charged LDH layers and interlayer anions to decrease.
6-7
 The 
interactions between the charged LDH layers and the formamide affect the amount of formamide 
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that can be absorbed onto LDH layers.
8
 More positively charged LDH layers can absorb more 
formamide molecules onto the surface, diminishing the layer electrostatic interactions with 
anions to better facilitate the formation of single layer nanosheets.  
Based on the above two assumptions, in this chapter, a detailed study of the LDH layer 
charge and formamide concentration effect on the direct growth of LDH single layer nanosheets 
is carried out.  
 
4.2 Experimental 
Chemicals 
Mg(NO3)2·6H2O (98%, Alfa Aesar), formamide (99%, Alfa Aesar), Al(NO3)3·9H2O 
(99%, Acros Organics), sodium hydroxide pellets (Macron), and sodium nitrate (>98%, Alfa 
Aesar) were used as received without further purification. 
Synthesis method 
The detailed procedures for the growth of MgAl-LDH single layer nanosheets was 
developed in Chapter 2 and adopted here. Three sets of samples were prepared with Mg/Al molar 
ratio at 4/1, 3/1, and 2/1. The total metal salts concentration was set at 0.05 M for all three sets of 
experiments for comparison. A sample of 20 mL of metal salts solution (Mg(NO3)2 (0.0400 M) 
and Al(NO3)3 (0.0100 M) for Mg/Al=4/1, Mg(NO3)2 (0.0375 M) and Al(NO3)3 (0.0125 M) for 
Mg/Al=3/1, and Mg(NO3)2 (0.0333 M) and Al(NO3)3 (0.0167 M) for Mg/Al=2/1) was titrated 
with sodium hydroxide solution in the presence of 2.0, 5.0, 15.0, or 30.0 vol% formamide.  
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After reaction, all samples were centrifuged and washed with the same volumetric 
percentage of formamide solution (i.e., 2.0, 5.0, 15.0, or 30.0 vol% formamide solution 
accordingly) for three times. The freshly prepared sample was then immediately subjected for 
characterizations.  
Characterization 
X-ray diffraction (Bruker D8 with Cu Kα radiation, λ = 1.5406 Å, 40 kV, 40 mA) was 
conducted on both gel sample and re-stacked single layer nanosheets. The gel-like fresh sample 
recovered from centrifugation was covered by a Mylar® film
3
 for XRD characterization. After 
further treatment with D.I. water and centrifugation twice, the sample was well dispersed in D.I. 
water. The dispersion was cast onto a silicon wafer and dried and restacked at 80 °C for a day for 
XRD characterization.  
The same dispersion was then diluted into ca. 0.01 mM and cast and air dried on a clean 
silicon wafer for atomic force microscopy (AFM) characterization on an Asylum Research MFP-
3d AFM. Tapping mode with a silicon tip coated with chromium/gold of a force constant of 40 
N/m was adopted for AFM imaging. The same dilution dispersion was also cast on Cu grids for 
TEM imaging on a JEOL 4000EX at 200 kV for TEM imaging.  
Perkin Elmer Optima 7300DV inductively coupled plasma optical emission spectrometer 
(ICP/OES) was used to determine the Mg and Al content. Well-mixed samples were weighed in 
a glass tube. A sample of 5.0 mL of concentrated nitric acid (HNO3) was added and the glass 
tube was swirled. The mixed solution was covered with a watch glass and placed on a hot plate. 
The mixture was refluxed for 2 hours at 92-95 °C without boiling or drying. When the mixture 
was cooled to room temperature, it was diluted with D.I. water to a final volume of 50 mL for 
characterization. 
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4.3 Results and Discussion 
Study of the formamide concentration and layer charge effect 
LDH layer charge is originated from the substitution of M
2+ 
by M
3+ 
in brucite structure.
9-
10
 Formamide forms a strong interaction with the charged LDH sheets. We propose that a lower 
Mg/Al ratio, where the layer charge x
+
 (x
+
= M
3+
/(M
2+
+M
3+
)) is higher, can better facilitate the 
formation of LDH single layer nanosheets instead of the layered structure. At a higher layer 
charge, the interactions between formamide and LDH layers is stronger, which in return can lead 
to the absorption of a higher density of formamide on the layer surface. Thus, the blocking effect 
of formamide should be stronger.  
Three Mg/Al ratios, 2/1, 3/1, and 4/1 were investigated under 2.0, 5.0, 15.0, and 30.0 
vol% formamide. The three samples prepared at 2.0 vol% formamide showed a clear trend that 
the stability of the samples decreased with an increasing Mg/Al molar ratio. The samples were 
first prepared and ultrosonicationed for 3 minutes, then they were kept motionless for 1 hour. 
The Mg/Al=4/1 ratio sample started to precipitate almost immediately. The Mg/Al=3/1 ratio 
sample precipitated slower than the Mg/Al=4/1 ratio sample. And the Mg/Al=2/1 ratio sample 
did not show the formation of precipitation until 2 hours later. Figure 28 shows the appearance of 
the samples after 1 hour. 
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Figure 28. MgAl-LDH synthesized and washed in 2.0 vol% formamide after 1 hour of standing 
still. 
 
To further study the observed phenomenon, the samples were characterized by XRD 
diffraction (Figures 2, 3, 4, and 5). The Mg/Al=4/1 ratio sample showed a relatively strong LDH 
characteristic peak at ca. 11.57°
11
 (corresponding toe LDH layered structure) at 2.0 vol% 
formamide (Figure 29) (the diffraction peak at ca. 25.8° is from the Mylar
®
 film). The peak 
intensity decreased with a decreasing Mg/Al molar ratio, which corresponds well with the 
aforementioned observation. When the three samples were prepared in the 5.0 and 15.0 vol% 
formamide, the same trend were observed (shown in Figures 30 and 31). At a formamide 
concentration of 30.0 vol%, none of the three samples exhibited the LDH characteristic peak 
(Figure 32), indicating the lack of a long range ordering. Thus, LDH layered structure existed at a 
very low concentration, below the detection limit.  
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Figure 29. MgAl-LDH prepared and washed in 2.0 vol% formamide. 
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Figure 30. MgAl-LDH prepared and washed in 5.0 vol% formamide. 
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Figure 31. Mg/Al-LDH prepared and washed in 15.0 vol% formamide. 
 
 
 
78 
 
 
Figure 32. MgAl-LDH prepared and washed in 30.0 vol% formamide. 
 
The diffraction peak from Mylar
®
 film was used as an internal reference to estimate the 
concentration of layered LDH in the samples. As shown in Figure 33, the Y axis represents the 
ratio of LDH characteristic peak area to the internal reference peak area. The randomly 
distributed LDH single layer nanosheets could not induce X-ray diffraction peak. The LDH 
characteristic peak indicates the presence of LDH layered structure. Thus, the Y axis roughly 
represents the concentration of layered LDH in the samples. When the formamide concentration 
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was low (2.0 vol%, black square shown in Figure 33), the concentration of layered LDH was the 
highest for all three Mg/Al ratios. Increasing the formamide concentration (5.0 vol%, red sphere 
and 15.0 vol%, blue triangle in Figure 33), the concentration of layered LDH decreased for all of 
the three Mg/Al ratios. Further increasing the formamide concentration to 30.0 vol% (pink 
obtriangular in Figure 33), no layered LDH was detected by the X-ray for all of the three samples, 
indicating that the layered LDH was below detection limit. Thus, at 30.0 vol% formamide, LDH 
single layer nanosheets can be prepared without the presence of layered LDH regardless of 
Mg/Al ratio.  
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Figure 33. Summary of LDH characteristic peak to internal reference peak area ratios. 
Elemental analysis was performed to determine the exact Mg and Al content in each 
synthesized LDH samples, as the Mg/Al ratio in the LDH product usually varies from the initial 
formulation ratio. The test results, and the calculated Mg/Al atomic ratio and layer charge (x) are 
listed in Table 2. Overall, the calculated Mg/Al ratio of all the samples agreed well with the 
initial Mg/Al formulation ratios. The calculation results showed that at Mg/Al formulation molar 
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ratio of 2/1 and 3/1, the actual Mg/Al ratio in the samples decreased (Figure 34), where the layer 
charge x
+
 (Figure 35) increased as the formamide concentration was increased. For Mg/Al 
formulation molar ratio at 4, the trend was not so obvious because the result was close to each 
other where the difference may just come from testing error. The results agreed well with the 
XRD characterizations where a higher formamide concentration and a larger LDH layer charge 
favored the formation of LDH single layer nanosheets. It indicated that at a high LDH layer 
charge more formamide can be absorbed on the layer surface to enhance the blocking effect 
during the layer growth.  
Table 2. Mg/Al ratio in different samples prepared under varied volumetric ratio of formamide. 
Sample 
Mg content 
(µg/g) 
Al content 
(µg/g) 
Mg/Al 
atomic ratio 
Layer 
charge (x
+
) 
(mol/g) 
Mg2Al-LDH 0 v% 196571 103830 2.10 0.322 
Mg2Al-LDH 2.0 vol% 187912 115962 1.80 0.357 
Mg2Al-LDH 5.0 vol% 183505 115893 1.76 0.363 
Mg2Al-LDH 15.0 vol% 162967 120673 1.50 0.400 
Mg2Al-LDH 30.0 vol% 161100 130620 1.37 0.422 
Mg3Al-LDH 0 vol% 210665 84569 2.76 0.266 
Mg3Al-LDH 2.0 vol% 213553 89566 2.65 0.274 
Mg3Al-LDH 5.0 vol% 222300 94260 2.62 0.276 
Mg3Al-LDH 15.0 vol% 206289 88365 2.59 0.278 
Mg3Al-LDH 30.0 vol% 203965 92198 2.46 0.289 
Mg4Al-LDH 0 vol% 239967 63352 3.61 0.192 
Mg4Al-LDH 2.0 vol% 224656 75103 3.32 0.231 
Mg4Al-LDH 5.0 vol% 220568 73773 3.32 0.231 
Mg4Al-LDH 15.0 vol% 216922 72193 3.33 0.231 
Mg4Al-LDH 30.0 vol% 218917 73341 3.31 0.232 
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Figure 34. Summary of Mg/Al measured molar ratios. 
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Figure 35. MgAl-LDH layer charge at different Mg/Al molar ratios and formamide 
concentrations. 
 
Characterization of Mg2Al-LDH nanosheets synthesized from 30.0 vol % formamide  
From the XRD results, the best sample Mg2Al-LDH nanosheets prepared at 30.0 vol% of 
formamide was selected for characterization. Figure 36 shows the XRD pattern of restacked 
Mg2Al-LDH nanosheets on a silicon wafer. The d spacing of 7.8 Å agreed very well with the 
reported interlayer distance of Mg2Al-LDH with CO3
2-
 residing in the interlayer region.
12
 TEM 
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images of Mg2Al-LDH nanosheets from 30.0 vol% formamide clearly show sheet like structure 
of LDH with a diameter ranging from ca. 40 to 150 nm.  
 
Figure 36. XRD pattern of Mg2Al-LDH nanosheets from 30.0 vol% formamide restacked on 
silicon wafer and the corresponding TEM images (insets). 
 
AFM was performed to measure the thickness of the samples. Figure 37A and B showed 
that the diameter of the LDH nanosheets ranging from ca. 40-60 nm to ca.100-150 nm. This 
result agrees well with the TEM images. Regardless of the diameter of the LDH nanosheets, the 
average thickness was ca. 0.8 nm, which corresponds to a single LDH layer thickness.
1, 4
 Figure 
37B line 1 shows a configuration composed of two stacked sheets where a thickness transition 
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from ca. 1.6 nm to 0.8 nm, corresponding from a stack of 2 layers of a single layer LDH 
nanosheets. The mis-match of the sheet area indicated that the double layer was from the 
stacking of two individual single layers during sample preparation, instead of synthesized 
double-layer LDH. Overall, the XRD and AFM characterizations confirmed that the sample was 
composed of LDH single layer nanosheets.  
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Figure 37. AFM characterization of Mg2Al-LDH prepared in 30.0 vol% formamide with a 
diameter of ca. 40 nm (A) and ca. 150 nm (B). 
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4.4 Conclusions 
The results shown above indicate that a high concentration of formamide and a high LDH 
layer charge are beneficial for the formation of single layer LDH nanosheets, where more 
formamide can be absorbed on layer surface to weaken the electrostatic attractions between the 
anions and the positively charged LDH layers. A relatively low concentration of formamide 
(such as 2.0, 5.0, and 15.0 vol%) may not be sufficient to completely block the growth of LDH 
in the Z direction regardless of Mg/Al molar ratio, resulting in the formation of layered LDH as 
evidenced by the XRD characterization. On the other hand, LDH layer growth in the Z direction 
was effectively inhibited at a higher formamide concentration (30.0 vol%), where no layered 
LDH was detected by XRD. Elemental analysis was adopted to measure the Mg and Al content 
in each sample and the result agrees well with XRD result that at a higher LDH layer charge, 
LDH single layer can be better synthesized with less layered LDH present. The AFM 
characterization confirmed the average thickness of the Mg2Al-LDH single layer nanosheets 
synthesized in 30.0 vol% formamide was 0.8 nm, agreeing well with the theoretical thickness of 
LDH single layer nanosheets.  
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CHAPTER 5  
COMPLEXING AGENT DIRECTED EPITAXIAL GROWTH OF α-
ZIRCONIUM PHOSPHATE BASED HEXAGONAL PRISMS 
 
5.1 Introduction  
In Chapter 2, we introduced the method that uses a layer growth coordinator to assist the 
growth of layered compounds in the Z direction. We found that layered intercalation compounds 
can be prepared in a one step process, where the layer growth coordinator is incorporated in 
between layers.
1
 The control of preferential growth of inorganic materials in one direction is a 
long term goal. It is viable that with the guidance of the layer growth coordinator, the growth of 
the layered materials in the Z direction can be enhanced. However, such a phenomenon was not 
observed in the PEG/α-ZrP or other related systems (BMIMCl/α-ZrP, acrylamide/α-ZrP, PVA/α-
ZrP, PEI/α-ZrP).  
It’s known that plane-direction growth is typically faster than thickness-direction (Z 
direction) during crystal growth due to strong covalent or ionic bonding. Interlayer is bonded 
through weak Van der Waals forces,
2
 electrostatic interactions,
3
 or hydrogen bonds.
4
 It is 
possible that the layer growth coordination effect in the aforementioned systems is compromised 
by the faster in-plane growth due to the formation of stronger bonds. Complexing agents are 
widely used in inorganic synthesis,
5-10
 which can form complexes with the reaction ingredients 
and make the slow release possible. Through the use of a complexing agent, the fast in-plain 
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growth may be slowed down. Thus, when a complexing agent is used together with a layer 
growth coordinator, the effect of the layer growth coordinator may be revived.  
Herein, we report our exploration of the synthesis of α-zirconium phosphate based 
hexagonal prisms, where the preferential growth along Z-direction was achieved. The 
introduction of a complexing agent and a layer growth coordinator into the reaction system 
appeared to be the key factor for the promotion of the growth in the Z direction. The parameters 
which may affect the growth of the layered compounds were discussed.  
 
5.2 Experimental 
Materials and Characterization 
Formamide (99%, Acros Organics), ZrOCl2·8H2O (>98%, Acros Organics), NH4H2PO4 
(99%, Fisher), and phosphoric acid (85%, Fisher) were used without further treatment.  
Scanning electron microscopy (SEM) was performed on a JEOL JSM-6335F. X-ray 
diffraction (XRD) patterns were acquired on a Bruker D5005 diffractometer with Bragg-
Brentano θ-2θ geometry (40 kV and 40 mA), using a graphite monochromator with Cu Kα 
radiation (λ = 1.542 Å). 
Synthesis method 
For a typical experiment, 1.01 g of ZrOCl2·8H2O was dissolved in 50 mL formamide and 
then 10.5 mL of 6 M H3PO4 was added to the reaction mixture. After the reactants were fully 
mixed, the mixture was transferred to a hydrothermal reactor and reacted at 150 °C for 24 hours. 
After the reactor was cooled down, the reaction mixture was transferred to a flask with aluminum 
foil covered on the top and aged at a predetermined temperature for one week. After the reaction, 
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the prepared samples were washed and centrifuged three times with D.I water at 2300 G force 
for 5 minutes each time. All samples were dried at 60 °C for 24 hours before characterization.  
5.3 Results and discussion 
Figure 38 shows the α-ZrP structure where Zr cations coordinate with six oxygen atoms 
from six different phosphate groups. Each phosphate group coordinates to three different Zr 
cations, leaving the remaining oxygen atom protonated. The hydroxyl groups densely cover the 
layer surface or exist in between the layers. Its interlayer distance is 7.6 Å. α-ZrP can be easily 
synthesized as platelets with the dimension in thickness being much lower than those in plane 
directions. However, α-ZrP derivatives with elongation in the Z direction in different 
morphologies such as needles, rods,
11
 and long prismatic morphology
12
 were observed when a 
complexing agent and sometimes a structure directing agent were used.  
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Figure 38. Structure of α-ZrP. 
 
Hydrofluoric acid is commonly used to prepare α- and γ-ZrP through the decomposition 
of the flouro-zirconium complexes.
13-14
 Precipitation of zirconium phosphate does not begin until 
the concentration of phosphoric acid reaches ca. 8-9 M.
15
 The precipitation of zirconium 
phosphate is controlled by the elimination rate of hydrofluoric acid, which allows for the 
formation of large zirconium phosphate platelets at an extremely slow rate.
15-16
 Free zirconium 
cations are in a very low concentration, which only serve as a small amount of nuclei when the 
elimination rate of the complexing agent is slow. Thus, the formation of large zirconium 
phosphate platelets is possible through the very slow decomposition of the flouro-zirconium 
complexes. However, manipulation of hydrofluoric acid demands high precaution. Discovery of 
new complexing agents with low operational demands is highly desirable.  
Formamide is a common solvent which is very stable up to 180 °C. It can coordinate with 
zirconium cations through its hydrogen atom with zirconyl chloride and form 4:1 ratio 
complexes.
17-18
 Thus, formamide can be used as an ideal complexing agent. α-ZrP micro-crystals 
are usually prepared when a soluble zirconium salt precipitates with phosphoric acid in a 
prolonged reaction time. Formamide decomposes upon acid treatment.
19
 Thus, when formamide 
is used as a complexing agent during the preparation of α-ZrP, it decomposes and forms formic 
acid and ammonium di-hydrogen phosphate in the presence of phosphoric acid (shown in 
Equation 1). Whitish whiskers are formed after the reaction which has been confirmed by XRD 
to be NH4H2PO4 (XRD pattern was not shown).  
    (1) 
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Structure directing agents,
11-12, 20-24
 such as ammonia and amines,
25-26
 were applied to 
prepare new zirconium phosphate derivatives with different structures, which often results in the 
incorporation of ammonium cations within their structures. It was found that the ammonium 
cations could serve as a binder in between the layers through a close net of hydrogen bonds with 
the anionic P-O groups on layer surface.
12
 Thus, ammonium cation is chosen as a structure 
directing agent in this study. As shown in Equation 1, ammonium dihydrogen phosphate is a 
decomposition product of formamide. Thus formamide can serve dual purposes: (1) as the 
complexing agent for zirconium cations; (2) as the ammonium source. Thus, the fast in-plain 
growth can possibly be slowed down, allowing the layer growth coordinator to take effect.  
Herein, we report the preparation of α-ZrP based hexagonal prisms in the presence of 
formamide. Zirconyl chloride was first dissolved in formamide and formed complexes at 1:4 
molar ratio with formamide. Phosphoric acid was added to the reaction mixture and the 
decomposition of formamide began. Slow release of zirconium cations was started upon heating 
to decompose formamide, with the release speed can be controlled by the aging temperature. The 
formed ammonium cations can be selectively adsorbed onto layer surfaces that are parallel to the 
precipitated (001) crystal plane and coordinate the layer growth on top of each other through the 
formation of a close network of hydrogen bonds with surface P-OH groups.
12
 Thus, the 
ammonium cations could work as a layer growth coordinator and direct the growth in the Z 
direction (Figure 39). 
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Figure 39. Schematic of the proposed mechanism. 
 
A typical method
27
 to synthesize α-ZrP was modified where formamide was included as a 
complexing agent. After 24 hours of treatment at 150 °C, the reaction mixture as aged at 60 °C 
for a week for slow release of Zr
4+
. After reaction, α-ZrP based compound was formed where a 
large amount of amorphous phase co-existed in the product. SEM images (Figure 40) of the 
product showed that the in-plain diameter is ca. 1-3 µm with a significant growth enhancement 
in the Z direction ranged from ca. 1 to 3 µm. Thus, the preferential growth in the Z direction was 
achieved and hexagonal shaped prisms were synthesized, where the elongation direction is 
perpendicular to the (001) planes.   
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Figure 40. SEM images of as prepared α-ZrP based hexagonal prisms. 
 
Figure 41 shows the X-ray diffraction pattern of the hexagonal prisms prepared under 60 
°C aging, with a SEM image (Figure 41 insert) showing the hexagonal face of the prism. The 
diffraction peaks of the sample match very well with that of the NH4ZrH(PO4)2 standard (PDF 
35-0455). Thus, the prepared sample was identified as NH4ZrH(PO4)2 with an interlayer distance 
of 11.18 Å. Thus, in this approach, ammonium acted as the layer growth coordinator, which was 
formed after the complexing agent, formamide, was decomposed. During aging, the 
decomposition of the formamide/ZrOCl2 complexes in contact with phosphoric acid was 
controlled by the aging temperature and time, which controlled the release of Zr
4+
 cation. With 
the aid of the slow release of Zr
4+
 cations, the in plain growth rate of α-ZrP was slowed down, 
allowing the layer growth coordinator to take effect in the Z direction crystal growth. As shown 
in Figure 39, ammonium cations can selectively attach to the surface of α-ZrP (that parallel to 
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(001) planes of α-ZrP) due to the formation of a close network of hydrogen bonds with surface 
P-OH groups.  
  
 
 Figure 41. XRD pattern and the SEM top view image (insert) of the prepared sample aged at 
60 °C for one week. 
 
In order to confirm the above proposed mechanism, several control experiments were 
conducted. Conventional α-ZrP (Figure 42A) was synthesized as detailed in the literature27 for 
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comparison. The first control experiment was conducted in the absence of formamide while 
NH4H2PO4 was present in a 10:1 molar ratio to Zr
4+
 to study the coordination effect on the 
formation of an elongated structure in the Z direction without the complexing agent present. As 
expected, the morphology of the control sample (Figure 42B) was hexagonal platelets with a 
similar diameter and thickness as α-ZrP but without significant thickness change (Figure 42A). 
This control experiment showed that the presence of coordinator only cannot promote the 
formation of prisms. Another control sample showed no obvious elongation in the Z direction 
(Figure 42C) either when the prepared α-ZrP was ion exchanged with NH4NO3. It further 
confirms that in the presence of a layer growth coordinator (ammonium cations) alone, due to the 
intrinsic faster growth in the in-plain direction, a prismatic morphology cannot be obtained 
where the layer growth coordination effect is compromised. The third control experiment was 
conducted without the presence of phosphoric acid. The NH4H2PO4 to Zr
4+
 molar ratio was also 
set at 10:1. Because formamide will decompose very slowly at an elevated temperature,
19
 the 
release rate of Zr
4+ 
was much slower than in the presence of phosphoric acid. Under a much 
slower release rate, the elongation in the Z direction was also slowed down (Figure 42D); where 
the thickness in the Z direction was increased compared with the α-ZrP control but much lower 
than the increment of the sample obtained in the presence of phosphoric acid. It indicates that the 
coordination effect is directly related to the decomposition rate of the complexes.   
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Figure 42. SEM images of α-ZrP (A), control experiment without formamide (B), α-ZrP ion 
exchanged with NH4NO3 (C), and control experiment without phosphoric acid (D). 
 
Thus, the effect of the aging temperature on the formation of hexagonal shaped prisms 
was studied. As shown in Figure 43A and B, at a higher aging temperature, the growth of the 
prisms in the Z direction was even more significant than at relatively low temperatures. 
Compared with a lower aging temperature, the decomposition rate of the formamide-zirconium 
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complex is increased at a higher aging temperature, leading to a faster release of zirconium 
cations, thus a more significant growth in the Z direction. A faster release rate of zirconium 
cations during the precipitation stage facilitates the formation of more nuclei and thus leads to 
small crystals. While at the same time, the faster decomposition of formamide releases more 
NH4
+
 ions. Thus, the growth of zirconium phosphate crystals is more prominent in the Z 
direction when combining the following two factors: (1) an increased amount of zirconium 
phosphate nuclei which will result in smaller crystal size at in plain direction; (2) an increased 
supply of binding agent, NH4
+
, which will further assist the growth in the Z direction. Thus, the 
coordination effect is more prominent in the Z direction at high aging temperatures. 
  
Figure 43. α-ZrP based hexagonal prisms prepared at different aging temperatures of 60 °C (A) 
and 100 °C (B). 
 
It was also found that by an acid treatment (Figure 44), the interlayer distance of the 
prepared α-ZrP based hexagonal prism was shifted from 11.18 Å to 7.6 Å, indicating the 
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elimination of ammonium cations. Nevertheless, further research is needed to determine the 
structure transformation during the acid treatment.  
 
Figure 44. Structure transfer upon acid treatment. 
 
5.4 Conclusion  
In this chapter, the preparation of α-ZrP based hexagonal prism was studied. The 
formation mechanism was proposed where formamide acting as the complexing agent allowing 
Zr
4+
 to slowly release and react with phosphoric acid while the decomposition product of 
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formamide, ammonium can be selectively adsorbed on the formed α-ZrP surface [(001) plane]. 
Thus, the crystal growth perpendicular to the (001) surface was enhanced to form a prismatic 
morphology. The layer growth coordinator effect on the morphology, which was usually 
compromised by the intrinsically faster growth in the in-plain direction due to the formation of 
stronger chemical bonds, was now revived. It agrees well with the mechanism proposed in 
Chapter 2, where a layer growth coordinator can guide the growth of the layered material in the 
Z direction during which the coordinator was incorporated in between the layers (in this chapter, 
NH4
+
 functioned as the layer growth coordinator).  
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CHAPTER 6  
NANOCOATINGS CONTAINING LAYERED DOUBLE HYDROXIDE 
SINGLE LAYER NANOSHETS TO IMPROVE BARRIER PROPERTIES 
 
6.1 Introduction 
The application of LDH single layer nanosheets prepared in Chapter 6 was studied in this 
chapter. The prepared LDH nanosheets were aligned and bonded with poly(vinyl alcohol) (PVA) 
to prepare nanocoatings on polymer film substrates aiming at improving their barrier properties.  
It is desirable to have a thin, transparent, and flexible film for food packaging and 
medical devices to protect them from gas and water vapor. Biomimetic polymer/inorganic 
nanosheet nanocomposites with structures similar to nacre
1-4
 and abalone shell
5
 have been 
intensively studied because of their great potentials in improving gas barriers,
6-10
 mechanical 
properties,
11-12
 and other functionalities.
13-14
 The brick and wall structure where inorganic 
nanosheets are arranged like bricks in a wall and polymers acting like the mortar is the key to 
achieve such enhancements.
3, 10, 15-18
 Multiple methods have been developed to align inorganic 
nanosheets to achieve such a desired structure. Layer by layer (LBL)
19-23
 was the most 
extensively developed process, where a substrate is dipped in a polymer solution and a 
nanosheets dispersion repeatedly to achieve alternated organic/inorganic layers.   
However, LBL is a tedious and time consuming process. Herein we propose a method 
where uniformly mixed PVA and LDH nanosheets were coated onto polylactic acid (PLA) and 
polyethylene terephthalate (PET) film surface through a facile dip coating process. The Mg2Al-
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LDH nanosheets were synthesized using the method reported in Chapter 4 where the starting 
Mg/Al molar ratio was set at 2 and 30 vol% formamide was used. PVA was selected as organic 
―glue‖ because of its water soluble nature and densely packed -OH groups which may form weak 
interactions with LDH nanosheets, as well as its good film formability. Crosslinking agent was 
used to incorporate the aligned nanosheets well into the PVA matrix to form a highly integrated 
system. 
 
6.2 Experimental 
Materials  
Mg(NO3)2·6H2O(98%, Alfa Aesar), formamide (99%, Alfa Aesar), Al(NO3)3·9H2O 
(99%, Acros Organics), sodium hydroxide (98%, Macron), and sodium nitrate (>98%, Alfa 
Aesar) were used as received without further purification to prepare LDH single layer 
nanosheets.  
Poly(vinyl alcohol) (PVA) (Mowiol® 8-88, Mw: 67,000, 86.7-88.7 mol% hydrolysis, 
Kuraray, Japan), glutaraldehyde (GA) (50% aqueous solution, Aldrich), and HCl (37%, Aldrich) 
were used without further purification. Polylactic acid (PLA) films (20 µm in thickness of, BI-
AX International Inc.) and polyethylene terephthalate (PET) films (22 µm in thickness, Toray 
Plastics (America), Inc.) were used as the substrates.  
Coating process 
Mg2Al-LDH single layer nanosheet were prepared and purified as described in Chapter 6. 
In this study, LDH single layer nanosheets aqueous dispersion at a concentration of ca. 0.025 
 
 
107 
 
g/mL was prepared as a stock solution. PVA stock solution (10.0 wt%) was prepared by 
dissolving PVA resin in D.I. water under heat treatment.  
The PVA/LDH nanocoating dispersion was prepared by mixing PVA solution and LDH 
single layer aqueous dispersion to reach a concentration of 3.0 wt% LDH, 3.0 wt% PVA, and 
94.0 wt% water. In a typical coating process, approximately 50 g of nanocoating dispersion is 
needed to coat polymer films. The nanocoating dispersion was fully mixed after one hour of 
magnetic stirring and one hour of ultrasonication treatment (Branson 8510R-MT, 250 W, 44 
kHz).  
Crosslinking agent GA solution was prepared and HCl was added in a molar ratio of 5/1 
(GA/HCl) as the catalyst for the crosslinking reaction. The molar ratio of GA and PVA hydroxyl 
groups was set at 1:20, which is equivalent to a mass ratio of 1:5 for GA and PVA. The GA 
solution was cooled down to 0 °C before being added to the nanocoating dispersion in an ice 
bath.  
Immediately before the coating process, the GA solution was added into the nanocoating 
dispersion, followed by stirring and ultrasonication for 5 minutes each in an ice bath. The 
substrate (ca. 9 cm × 13 cm) was immersed into the nanocoating dispersion and then being 
vertically hung in an oven at 60 °C for 30 minutes to dry and crosslink. The coating process was 
repeated four times for each substrate. 
Characterization  
X-ray diffraction (Bruker D8 Advance with Cu Kα radiation, λ = 1.5406 Å, 40 kV, 40 
mA) was conducted on the coated films. TEM images of the cross-section of the coated films 
were recorded on an FEI Tecnai T12 microscope. The film samples were first embedded into 
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epoxy and then microtomed into thin slices with a thickness of 80-100 nm on a Reichert-Jung 
Ultracut E. ultramicrotome. 
Oxygen transmission rates (OTRs) were measured on a MOCON (Minneapolis, MN) 
OX-TRAN 1/50 OTR tester (ASTM D-3985) at 23 °C and 0% relative humidity (RH). Water 
vapor transmission rates (WVTRs) were tested on a MOCON PERMATRAN-W 1/50 WVTR 
tester (ASTM F-1249) at 23 °C and 50% RH. 
 
6.3 Results and discussion 
Lowering gas permeability in composite containing well aligned inorganic nanosheets is 
simply because of the formation of tortuous pathway,
18, 24-25
 as shown in Figure 45. We assume 
polymers are permeable but inorganic LDH nanosheets are not permeable, gas molecules are 
forced to circle around such inorganic nanosheets to diffuse through the film, which results in a 
much longer pathway. Thus, a high concentration of well aligned LDH nanosheets is the key to 
achieve an enhanced barrier property.  
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Figure 45. Comparison of gas molecule passing through a neat polymer film (left) and a polymer 
film containing a high concentration of well aligned impermeable inorganic nanosheets. 
 
During the coating process, the gravity drives the coating dispersion to flow on the 
polymer substrates when the dipped film was vertically hung. The liquid flow generates stress, 
which in turn helps to align LDH nanosheets along the polymer substrate surface. The XRD 
pattern of the coated PET film (Figure 46) and PLA film (Figure 47) showed an obvious 
diffraction peak at 2.85° and 2.80°, (corresponding to an interlayer distance of 31.1 and 31.5 Å), 
respectively. Such intensive first order diffraction peaks, together with the presence of a second 
order diffraction peak, indicated that the LDH single layer nanosheets were well aligned on the 
substrates. In addition, the very low interlayer distance suggested that the nanosheets were 
closely packed. Both the high level orientation and dense packing are very beneficial for 
achieving excellent barrier properties. The two strong diffraction peaks at 26.00° and 16.50° are 
from the semi-crystalline structure of PET and PLA, respectively. 
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Figure 46. XRD pattern of the coated PET film. 
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Figure 47. XRD pattern of the coated PLA film. 
 
TEM images were obtained to assess the alignment of LDH single layer nanosheets in the 
nanocoatings. As shown in Figure 48A and B, LDH single layer nanosheets were well aligned on 
the substrate. The nanocoating was ca. 80-100 nm in thickness. Overall, the TEM observation 
was consistent with the XRD results, both of which suggested an ordered alignment of LDH 
single layer nanosheets on the polymer substrates.  
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Figure 48. TEM images of the nanocoating on PET film. 
 
 
The coated PET and PLA films were tested at 1 atm for oxygen and water vapor 
permeability. The testing results are summarized in Table 3. The OTR of neat PET film was 64.1 
cc/(m
2
·day), which dropped significantly to 5.3 mL/(m
2
·day) after the PET film was coated with 
a thin layer of nanocoating. Similarly, the OTR of the coated PLA film was 3.3 mL/(m
2
·day), 
which decreased from 846.6 mL/(m
2
·day) of the uncoated PLA film. The oxygen barrier 
property of the PET and PLA was improved by ca. 11 and 256 times, respectively, after coated 
by LDH/PVA nanocoating. At the same time, the WVTR of the coated PET was decreased to 2.6 
g/(m
2
·day) from 4.1 g/(m
2
·day) of the uncoated PET film. The WVTR of the coated PLA was 
decreased to 22.1 g/(m
2
·day) from 210.0 g/(m
2
·day) of the uncoated PLA film. The water vapor 
barrier property was increased by ca. 1.5 and 10 times for PET and PLA films, respectively. 
PVA is very hydrophilic, which might be one of the key reasons that the water vapor barrier 
performance improvement was not as impressive as the oxygen barrier.  
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Table 3. Barrier properties of the coated PET and PLA films. 
 OTR 
 (mL/(m
2
·day)) 
WVTR  
(g/(m
2
·day)) 
PET 64.1 4.1 
Coated PET 5.3 2.6 
PLA 846.6 210.0 
Coated PLA 3.3 22.1 
 
 
6.4 Conclusion 
In this chapter, we reported the application of Mg2Al-LDH single layer nanosheets 
synthesized in Chapter 4 to prepare LDH/PVA hybrid nanocoatings. Two substrates, PET and 
PLA films were coated by the LDH/PVA nanocoatings, and their barrier properties (especially 
the oxygen barrier) were significantly improved. 
The enhanced barrier properties are ascribed to the formation of a well aligned and 
closely packed inorganic LDH nanosheets induced by the liquid flow driven by the gravity 
during the coating process. Both the XRD and TEM characterizations results supported such 
morphology. 
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CHAPTER 7  
ONE STEP DIRECT SYNTHESIS OF α-ZIRCONIUM PHOSPHATE/IONIC 
LIQUID INTERCALATION COMPOUNDS AS HETEROGENEOUS 
CATALYSTS FOR THE BIGINELLI REACTIONS 
 
7.1 Introduction 
In this chapter, α-Zirconium phosphate (α-ZrP)/ionic liquid (IL) intercalation 
compounds were synthesized by the method reported in Chapter 2, with an aim to 
immobilize ionic liquids in α-ZrP as heterogeneous catalysts for various reactions. 1-
Butyl-3-methylimidazolium chloride (BMIMCl) is chosen as the representative IL 
because of its high catalytic activity for various reactions.
1
 As proposed in Chapter 2, 
BMIMCl functions as the layer growth coordinator to guide the growth of α-ZrP, during 
which BMIMCl was sandwiched in between the layers to form α-ZrP/BMIMCl 
intercalation compounds, which were subsequently evaluated for the Biginelli reactions.
2-
4
 
Immobilization of ionic liquids (ILs) on a solid support
5
 by covalent bonding or 
non-covalent interactions can be achieved to improve their catalytic activities. Another 
alternative to provide recyclability is to intercalate ILs into the interlayer region of a 
layered material. Graphite,
6
 layered metal dichalcogenides,
7
 and clays
8-9
 have been 
evaluated as the layered matrix. Studies on using α-ZrP as an inorganic matrix have also 
been reported. Ionic liquids cannot be directly intercalated into zirconium phosphates 
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because of the size mismatch.
10
 Ion exchange with pre-intercalated
10-11
 α-ZrP is a general 
method to introduce ionic liquid into α-ZrP interlayer region. Attempt of mechanical 
intercalation of ionic liquid into α-ZrP gallery developed in our group12-13 is an efficient 
alternative. However, the one-step direct synthesis method described earlier is obviously 
more desirable in terms of efficiency.  
Recently, BMIMCl has been found active to catalyze the Biginelli reactions in 
solvent-less condition with high yield and high efficiency.
2-4, 14
 The Biginelli reaction
15
 is 
the condensation of three components including an aldehyde, a β-ketoester and urea (or 
thiourea) to synthesis dihydropyrimidones catalyzes by acidic materials. It is first 
discovered in 1893
16
 by a Italian chemist. Since its discovery, a lot of attention was 
drawn to improve the yield because of its prominent potentials in preparing 
pharmacological active materials including calcium channel blockers, anti-hypertensive 
agents, and α-1a-antagonists.17-19 The reaction is traditionally conducted in ethanol or 
THF solvent and catalyzed by strong protic acids.
20
 However, the traditional method is 
suffered from low yield, high reaction temperature and time, and toxic byproducts.  
Recently, various efforts, such as conducting the reaction under microwave heating in 
different solvent
21
 (alcohol, glycol, and poly phosphate esters) or in solvent-less 
condition; apply homogeneous or heterogeneous catalysts to modify the reaction have 
been reported. Solid catalysts such as clay,
22
  zeolite,
23
 ion exchange resin, and lanthanide 
triflate
24
 have been evaluated. However, it is difficult to reach a protocol where the 
catalyst can be recycled, recycling yield stays high and the product can be obtained with 
low toxicity. Thus, it is required that a method to be developed to achieve the ultimate 
goal.  
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Thus, we prepared α-ZrP/BMIMCl intercalation compounds through the one-step 
direct synthesis method. Their catalytic activity and recyclability were evaluated by the 
Biginelli reaction between benzaldehyde, urea and ethyl acetoacetate as a probe reaction. 
X-ray diffraction and TGA were performed to characterize the prepared intercalation 
compounds. DSC was performed to measure the melting point of the isolated product. 
NMR and IR were performed to identify the product.   
 
7.2 Experimental 
Chemicals 
ZrOCl2•8H2O (98%, Sigma-Aldrich), phosphoric acid (85%, Sigma-Aldrich), and 
1-butyl-3-methylimidazolium chloride (BMIMCl) (>98.0%, Sigma-Aldrich), ethanol 
(99.99%, Pharmco-AAPER), ethyl acetoacetate (98%, Sigma-Aldrich), benzaldehyde 
(≥99.5%, Sigma-Aldrich), and urea (99.0-100.5%, J.T. Baker) were used as received 
without further purification. Potassium bromide (99+%, FTIR grade, Sigma-Aldrich) was 
used to prepare pallet for FT-IR.  
Synthesis of α-ZrP/BMIMCl intercalation compounds 
α-ZrP/BMIMCl intercalation compounds were prepared through a hydrothermal 
reaction. A predetermined amount of ZrOCl2 aqueous solution (20 wt%) was first mixed 
with BMIMCl. Then, a predetermined amount of concentrated H3PO4 aqueous solution 
was added into the mixture to achieve a molar ratio of ZrOCl2 to H3PO4 at 1:10. 
Deionized water was then added into the reaction mixture to dilute the concentration of 
H3PO4 to reach 5.0 M. The reaction mixture was fully mixed before subject to a treatment 
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at 90 °C for 24 h. The mass ratio of α-ZrP (assuming all the Zr4+ cations were completely 
converted to α-ZrP) to BMIMCl was varied from 1/0.5 to 1/4.0 to study the intercalation 
process. After reaction, the products were centrifuged and washed with deionized water 
and ethanol for three times. Then the products were dried at 70 °C for 24 h and were 
grinded into fine powders for various characterizations. The control α-ZrP sample was 
prepared under the same condition without the addition of BMIMCl.  
Catalyst evaluation and recycling 
The Biginelli reaction of benzaldehyde, urea, and ethyl acetoacetate was chosen 
to evaluate the catalytic activity of α-ZrP/BMIMCl intercalation compounds (Scheme 1). 
Typically, a mixture of 5 mmol of benzaldehyde, 7.5 mmol of ethyl acetoacetate, 7.5 
mmol of urea, and 250 mg of α-ZrP/BMIMCl intercalation compound were charged into 
a 25 mL round bottomed flask equipped with a magnetic stirrer. Before reaction, the 
reactants were treated with ultra-sonification for 5 minutes to disperse the catalyst. 
Reaction temperature was set at 130 °C and the duration was 4 h. A condensation system 
was attached to the reaction flask to prevent the reactant from evaporation. After the 
reaction, the crude product was first washed with 30 mL icy water and then filtered. After 
that, the filtered solid was partially dissolved in 150 ml ethanol at a heated temperature 
for 15 minutes. The separated catalyst was then dried in an oven overnight at 70 °C for 
the next catalytic run. Overall, the catalyst can be easily separated and recycled from the 
products. The product was obtained by further recrystallization of the primary product 
from ethanol. Rotary evaporator was used to evaporate and recycle ethanol. Ethyl 
acetoacetate and urea were in excess to promote the conversion of benzaldehyde.  
 
 
121 
 
 
Scheme 1. The Biginelli reaction. 
 
Characterization 
The samples were characterized by X-ray diffraction (Brucker D5 with Cu Kα 
radiation, λ = 1.5406 Å, 40 kV, 40 mA), thermal gravimetric analysis (TGA) (TA 
Instruments Q-500), differential scanning calorimetry (DSC) (TA Instruments Q-100), 
nuclear magnetic resonance (NMR) spectroscopy (Bruker DMX 500 MHz), and Fourier 
transform infrared spectroscopy ( FT-IR) (Nicolet  Magna 560). 
 
7.3 Results and Discussion 
The α-ZrP/BMIMCl intercalation compounds were characterized by X-ray 
diffraction and the results are presented in Figure 49. The interlayer distance of the 
control α-ZrP prepared without BMIMCl is 7.6 Å, agreeing well with the literature data.25 
When BMIMCl was added into the reaction mixture, the interlayer distance of the formed 
intercalation compounds expanded to ca. 10.8 Å, regardless of the amount added (Figure 
50). All the samples showed a ca. 3.2 Å interlayer space increase compared to the control 
α-ZrP, which indicated that the intercalation process was successful. This observation is 
highly consistent with the proposed mechanism as described in Chapter 2 that the layer 
growth coordinators tend to position themselves parallel to α-ZrP layers. It is reported 
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that the thickness of BMIM
+
 is ca. 2.9 Å.
13
 Thus, the increase of the interlayer distance 
can be counted on a single layer of BMIM
+
 parallel to the α-ZrP layers. When the amount 
of BMIMCl was increased in the formulated mixture (from α-ZrP/BMIMCl=1/0.5 to 
1/2.0), the diffraction peak of the α-ZrP/BMIMCl intercalation compounds turned to be 
more and more intense, while the diffraction peak of α-ZrP almost disappeared. The 
degree of intercalation reached the maximum at α-ZrP/BMIMCl=1/2.0. Further 
increasing the ratio between BMIMCl and α-ZrP (from 1/2.0 to 1/4.0) did not change 
lead to a more favorable intercalation. The result is very similar to that of α-ZrP/PEG 
intercalation compounds reported in Chapter 2.  
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Figure 49. XRD characterization of α-ZrP/BMIMCl intercalation compounds. 
 
Thermal analysis (Figure 50) was performed to investigate the thermal stability 
and BMIMCl content of the prepared intercalation compounds. All the samples were first 
isothermally heated at 90 °C for 30 min to remove the physically absorbed water prior to 
the thermal analysis at a heating rate of 10 °C/min. The control α-ZrP and BMIMCl were 
also analyzed by TGA for comparison. The control α-ZrP sample showed two major 
weight loses at 100-180 °C and 380-560 °C, corresponding to hydration water and 
condensation water loss, respectively.
12-13
 BMIMCl experienced a virtually 100% weight 
loss in the range of 180-360 °C. 
 
 
 
124 
 
Figure 50. TGA analysis of α-ZrP/BMIMCl intercalation compounds.  
 
The α-ZrP/BMIMCl intercalation compounds exhibited three major weight losses. 
The first one was at ca. 100-180 °C, which corresponded to the loss of hydration water in 
α-ZrP. The second weight loss at ca. 310-390 °C was due to the loss of BMIMCl in the α-
ZrP/BMIMCl intercalation compounds. As shown in Figure 50, BMIMCl completely 
decomposes at ca. 180-360 °C. After being intercalated into α-ZrP, the decomposition 
temperature of BMIMCl is shifted to ca. 270-410 °C, which is due to the protection of the 
inorganic layers. The third weight loss at ca. 420-530 °C is from the loss of condensation 
water in α-ZrP. Based on the second weight loss at ca. 310-390 °C of the α-ZrP/BMIMCl 
intercalation compounds α-ZrP/BMIMCl at 1/0.5, 1/1.0, 1/2.0, and 1/4.0, the BMIMCl 
contents were estimated to be ca. 7.0%, 7.5%, 9.4%, and 10.6% respectively. 
As described above, the Biginelli reaction was selected to evaluate the catalytic 
activity of the α-ZrP/BMIMCl intercalation compounds. Various ionic liquids, including 
BMIMBF4,
2 
BMIMCl,
1
 1,1,3,3-tetrmethylguanidinium trifluoroacetate,
3 
BMIMBr,
26
 and
 
BMIMClO4
3
 have been found to be effective to catalyze the Biginelli reactions under a 
solvent-free condition. However, it is very difficult to recycle the ionic liquids when they 
are homogeneously mixed with the reaction system. Other recyclable solid acid catalysts 
often result in longer reaction time and a lower yield.
22, 27
  
Considering the Biginelli reaction has been well investigated, only some basic 
characterizations were conducted to verify the product. At each catalytic run, the melting 
point of the product 5-ethoxycarbonyl-4-phenyl-6-methyl-3, 4-dihydropyridin-2(1H)-one 
was measured by DSC at a heating rate of 2 °C/min. The result (Figure 51) showed a 
melting point range of 203-206 °C, where the literature data are 202-204 °C.
28
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 Figure 51. DSC of the Biginelli reaction product of the first run. 
 
Nuclear magnetic resonance (NMR) was performed to characterize the product, 
where DMSO-d6 was used as solvent. The result for the product 5-ethoxycarbonyl-4-
phenyl-6-methyl-3, 4-dihydropyridin-2(1H)-one is shown below. 
1H NMR (Figure 52): δ 
=9.17 (s, 1H, NH); 7.72 (s, 1H, NH); 7.35-7.20 (m, 5H, C6H5); 5.14 (s, 1H, CH); 4.0 (q, 
2H, OCH2CH3); 2.24 (s, 3H, CH3); 1.11 (t, 3H, OCH2CH3). 
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Figure 52. 
1
H-NMR of the product in DMSO-d6. 
 
FT-IR was also performed to further characterize the product. The sample was 
compressed with KBr into a pallet. Figure 53 shows the result: vmax= 3436, 3247, 3118, 
2956, 1726, 1702, 1648, 1463, 1222, 1093, 778 cm
−1
.  
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Figure 53. Typical FT-IR of the Biginelli reaction product. 
 
In this study, BMIMCl was immobilized within α-ZrP as a heterogeneous catalyst 
for the Biginelli reaction. At the first catalytic run, the yield reached 97%. After reach 
cycle of reaction, the catalyst α-ZrP/BMIMCl intercalation compound was separated by 
centrifugation and collected for the next run. After 5 cycles of reaction, the yield was still 
above 93% (Figure 54). The lowered yield was probably because of the marginal catalyst 
loss during every cycle of separation.  
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Figure 54. Yield of the product at each recycle run. 
 
 
7.4 Conclusions 
BMIMCl/α-ZrP intercalation compounds were prepared through the one-step 
direct synthesis method. The intercalation compound was tested as the heterogeneous 
catalyst for the Biginelli reactions due to the recent report of the high catalytic activities 
of ionic liquid towards the reactions. Results showed that even after 4 times of recycle, 
the yield of the product maintained at 93%. 
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CHAPTER 8  
SUMMARY 
 
8.1  Summary 
For decades, researches in layered materials have been focused on two aspects: 
(1) preparation of layered intercalation compounds and (2) exfoliation of layered 
materials to obtain single layer nanosheets. Traditional methods to prepare layered 
intercalation compounds and single layer nanosheets involve the pre-synthesis of layered 
materials and the subsequent intercalation/exfoliation treatments. In this dissertation, we 
introduced a new methodology to directly synthesis α-ZrP layered intercalation 
compounds and LDH single layer nanosheets. A layer growth coordinator was proposed 
to guide the growth of the layered materials in the Z direction, during which the 
coordinators were embedded within the layers to form the layered intercalation 
compounds. Various polymers (PEG, PEI, and PVA), small molecules (acrylamide), and 
ion (BMIM
+
) can act as layer growth coordinators to guide the direct synthesis of layered 
intercalation compounds. Alternatively, when a layer growth inhibitor (such as 
formamide) was used, the growth of layered compounds in the Z direction can be 
effectively blocked, leading to the formation of LDH single layer nanosheets.  
The direct intercalation method based on another layered material: positively 
charged LDH was explored. It was found that at a higher PSSNa MW, the intercalation 
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efficiency was lower, and at a higher PSSNa/LDH mass ratio, the intercalation efficiency 
is higher. Systematical examination of the layer charge and formamide concentration 
effect on the direct synthesis of LDH single layer nanosheets was also conducted. It was 
confirmed that at a higher LDH layer charge and a higher formamide concentration, LDH 
single layer nanosheets can be favorably synthesized. Based on the above methodology, a 
further control of layered compound growth for the formation of hexagonal prisms was 
explored. Assisted by a complexing agent, the layer growth coordination effect of 
ammonium cation was revived, resulting in the preferential growth of α-ZrP/NH4
+
 
intercalation compound in the Z direction to form a prismatic morphology. Potential 
applications of the above methodology were also explored and demonstrated using two 
examples. BMIMCl/α-ZrP intercalation compounds prepared through the one-step direct 
synthesis method served as effective heterogeneous catalyst for Biginelli reactions. LDH 
single layer nanosheets obtained through the one-step direct synthesis method were 
applied to prepare transparent nanocoatings on polymer substrates (PET and PLA), 
leading to significantly improved barrier properties. 
 
8.2 Outlook 
Besides adopting different layered materials as the matrix, study of various layer 
growth coordinators is also very important to further understand the reaction mechanism. 
PEG derivatives with various end groups (methoxy PEG-COOH and HOOC-PEG-
COOH) and with different side groups (polypropylene glycol (PPG), PEG-b-PPG, and 
PPG-b-PEG-b-PPG block copolymer with a similar number of repeating units) are 
examples to study the structure effect of layer growth coordinators on the formation of 
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layered intercalation compounds. Also, it has been a long term goal to grow layered 
materials with a specific thickness. We achieved the preferential growth of layered 
materials in the Z direction where the thickness was greatly increased. Since complexing 
agents can slow down the growth rate of layered materials, it is possible by controlling 
the amount of layer growth coordinator to tune the thickness of the layered materials.  
The efficient one-step direct synthesis method to LDH single layer nanosheets 
was achieved. It is of practical importance to be able to prepare such nanosheets with a 
larger lateral dimension. Urea hydrolyzes at elevated temperatures, which allows for a 
slow release of OH
-
. This process ensures a homogeneous pH distribution throughout the 
reaction, possibly leading to the formation of LDH nanosheets with a relatively large size 
compared with conventional titration method. Reaction time is another factor that can be 
controlled to prepare LDH single layer nanosheets with a larger lateral dimension. After 
the initial reaction, the reaction time can be prolonged by aging the reaction mixture for 
varied time periods so that nanosheets with various lateral dimensions can possibly be 
synthesized.  
Various other applications of the prepared intercalation compounds can be 
explored to prepare energy storage devices, supercapacitors, and so on. It is also of great 
interest to apply the prepared LDH single layer nanosheets to catalyze the oxygen 
evaluation reactions. 
 
